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ABSTRACT
An i n v e s t i g a t i o n  i s  made i n t o  t h e  h a i l  p r o d u c t i o n  c h a r a c t e r i s t i c s  
o f  a s u p e r c e l l - t y p e  s to r m  t h a t  o c c u r r e d  i n  C e n t r a l  Oklahoma on 29 May 
1976. The main r e s e a r c h  t o o l  employed i s  a t h r e e  d imens io na l  numer ica l  
h a i l  growth model w i t h  t h e  f lo w  f i e l d  be ing  t a k e n  d i r e c t l y  from a t r i p l e  
Doppler  s y n t h e s i s .  The D o pp le r  da ta  s e t  from t h i s  s to rm  i s  n o t  i d e a l  in 
t h a t  v e l o c i t i e s  a r e  m i s s i n g  from one o r  more r a d a r s  a t  bo th  the  l o w e s t  and 
h i g h e s t  s to rm l e v e l s .  In a d d i t i o n ,  t h e  s to rm i s  n o t  g e o g r a p h i c a l l y  wel l  
s i t u a t e d  w i t h  r e s p e c t  t o  t h e  r a d a r s  f o r  a t r i p l e  Doppler  s y n t h e s i s .  These 
f a c t o r s  have l i t t l e  i n f l u e n c e  i n  d e r i v i n g  t h e  h o r i z o n t a l  f lo w ,  b u t  have a 
m a jo r  i n p a c t  on t h e  computed v e r t i c a l  v e l o c i t i e s .  Fo l lowing  an e x t e n s i v e  
e r r o r  a n a l y s i s ,  g e n e r a l  p r o c e d u r e s  a r e  deve lo ped  t o  min imize  e r r o r s  in  
computed v e r t i c a l  v e l o c i t y .  These t e c h n i q u e s  a r e  c o m p u t a t i o n a l l y  f a s t  and 
a r e  e s p e c i a l l y  we l l  s u i t e d  f o r  c a se s  w i t h  i n c o m p le t e  a n d / o r  low q u a l i t y  
d a t a .
Storm r e f l e c t i v i t y  and h o r i z o n t a l  f lo w  s t r u c t u r e  a r e  ve ry  s i m i l a r  
t o  t h o s e  r e p o r t e d  f o r  p r e v i o u s l y  s t u d i e d  s u p e r c e l l  s to rm s .  Near t h e  
s u r f a c e ,  t h e r e  i s  a c i r c u l a t i o n  abou t  a v e r t i c a l  a x i s  w i th  i t s  a t t e n d a n t  
hook echo.  A weak echo r e g i o n  i s  p r e s e n t  a t  m id d le  l e v e l s ,  and s t r o n g  
d iv e r g e n c e  c a u s in g  a l a r g e  overhang c h a r a c t e r i z e s  t h e  h i g h e s t  s to rm  
r e g i o n s .  The v e r t i c a l  d r a f t s ,  however ,  a r e  more complex t h a n  e n v i s i o n e d  
by concep tua l  models .  The c l a s s i c a l  u p d r a f t / d o w n d r a f t  c o u p l e t  ( ex t rem es
o f  +51 m s"^ a t  7 km and - 2 5  m s"^ a t  5 km) domina tes  t h e  s torm complex ,  
b u t  t h e r e  a r e  o t h e r  s i g n i f i c a n t  s u b s i d i a r y  v e r t i c a l  d r a f t s .  These a r e  
p r i m a r i l y  a s s o c i a t e d  w i t h  f l a n k i n g  l i n e  c e l l s  t h a t  form on t h e  s t o r m ' s  
g u s t  f r o n t  boundary.
The h a i l  growth model shows m i l l i m e t e r  s i z e d  embryos t h a t  f i n d  
t h e i r  way i n t o  t h e  u p d r a f t s  can o r i g i n a t e  from s e v e r a l  a r e a s .  L i k e ly  
s o u r c e s  a r e  hydrometeor s  f rom upper  l e v e l  o u t f lo w s  o f  bo th  f l a n k i n g  l i n e  
c e l l s  and the  main u p d r a f t .  T y p i c a l l y ,  any embryo t h a t  e n t e r s  an u p d r a f t  
w i l l  e x p e r i e n c e  some growth .  Those which a c h ie v e  g r e a t e s t  growth ,  
however ,  a r e  t h e  ones which rem a in  ba la nc e d  in  t h e  p r i n c i p a l  growth zone 
(6 t o  8 km) f o r  t h e  l o n g e s t  t im e  p e r i o d s .  In t h e  numer ica l  model ,  t h i s  
c r i t i c a l  e q u i l i b r i u m  o c c u r s  where t h e  h o r i z o n t a l  g r a d i e n t  o f  i n c r e a s e d  
t e r m i n a l  v e l o c i t y  ( i . e . ,  mass )  n e a r l y  b a la n c e s  t h e  p o s i t i v e  h o r i z o n t a l  
g r a d i e n t  o f  v e r t i c a l  v e l o c i t y  as  t h e  h a i l s t o n e s  t r a v e r s e  t h e  u p d r a f t .
The model shows t h i s  b a l a n c e  i s  a c h ie v e d  c o i n c i d e n t  w i th  t h e  measured 
r e f l e c t i v i t y  maximum known p r e v i o u s l y  as  t h e  "embryo c u r t a i n . "  I t  
a p p e a r s  t h i s  a r e a  a c t u a l l y  d e m a r c a t e s  t h e  r e g i o n  o f  maximum h a i l  growth 
r a t h e r  t h an  embryo p r o d u c t i o n  and i s ,  t h e r e f o r e ,  r e l a b e l e d  as t h e  " h a i l  
c u r t a i n . "
Some model embryos grow t o  l a r g e  d i a m e te r s  (~5 cm) w h i le  t h e i r  
immediate  ne ighbors  do n o t .  Due to  an i d e a l  s e t  o f  c i r c u m s t a n c e s  t h e s e  
h a i l s t o n e s  grow wet  i n  a m ixed -phased  r e g i o n .  Growth, t h e r e f o r e ,  o c c u r s  
a t  a f a s t e r  r a t e  th an  i t  would  i f  t h e  c loud  w a t e r  were a l l  l i q u i d  s i n c e  
t h e r e  i s  no l a t e n t  h e a t  o f  f u s i o n  a s s o c i a t e d  w i t h  t h e  c o l l e c t i o n  o f  i c e  
c r y s t a l s .  This  p o i n t s  o u t  t h e  p o s s i b l e  impor tance  o f  t h e  g e n e r a l l y  
i g n o re d  r o l e  o f  i c e  c r y s t a l  c o l l e c t i o n  in  h a i l  growth.
V I
R e s u l t s  o f  t h e  model have i m p l i c a t i o n s  f o r  t h e  t h r e e  s e e d in g  
t e c h n i q u e s  o f  a r t i f i c i a l  h a i l  s u p p r e s s i o n - - g l a c i a t i o n ,  c o m p e t i t i o n ,  and 
t r a j e c t o r y  l o w e r i n g .  G l a c i a t i o n  i s  c o n s i d e r e d  d i f f i c u l t  b ecause  o f  t h e  
l a r g e  amount o f  s e e d i n g  m a t e r i a l  r e q u i r e d .  Using t h e  " h a i l  c u r t a i n "  as 
an i n d i c a t o r  o f  t h e  r e g i o n  where g r e a t e s t  growth o c c u r s ,  however ,  may 
a l l o w  t h e  s e e d i n g  m a t e r i a l  t o  be used  more e f f i c i e n t l y .  The model i s  
l e s s  e n c o u ra g in g  f o r  t h e  s u c c e s s  o f  b e n e f i c i a l  c o m p e t i t i o n  s i n c e  t h e  
n a t u r a l  embryos a p p e a r  to  o r i g i n a t e  from many d i f f e r e n t  l o c a t i o n s  making 
t h e  t a r g e t i n g  o f  s e e d in g  m a t e r i a l  e x t r e m e l y  d i f f i c u l t .  T r a j e c t o r y  
lo w e r in g  ho lds  some p romise .  The num er ica l  model shows a r e a s  below th e  
pr ime growth zone where embryos would grow t o  modera te  s i z e s .  A s u f f i ­
c i e n t  number o f  a r t i f i c i a l l y  ind u ce d  embryos i n j e c t e d  i n t o  t h i s  l o c a t i o n  
migh t  d e p l e t e  enough l i q u i d  w a t e r  t o  keep l a r g e  h a i l  from form ing  a t  the  
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X V I
A STUDY OF HAIL PRODUCTION IN A SUPERCELL STORM USING A DOPPLER 
DERIVED WIND FIELD AND A NUMERICAL HAIL GROWTH MODEL
CHAPTER I 
INTRODUCTION AND BACKGROUND
I .A I n t r o d u c t i o n  
To most  c i t y  d w e l l e r s  a h a i l  f a l l  i s  no more than  a m a t t e r  o f  
c a su a l  i n t e r e s t  u n l e s s  i t  i s  u n u s u a l l y  s e v e r e .  For people  in v o lv e d  in 
a g r i b u s i n e s s ,  however ,  even smal l  h a i l  can have r u in o u s  e f f e c t s .  Crop 
l o s s  i n  t h e  U n i ted  S t a t e s  a l o n e  i s  e s t i m a t e d  a t  abou t  t h r e e - q u a r t e r s  o f  
a b i l l i o n  d o l l a r s  a n n u a l l y  w i t h  p r o p e r t y  damage add ing  a b o u t  a n o t h e r  10% 
(1 975 d o l l a r s ;  Changnon e t  , 1977) .  The h a i l  problem i s  f a r  from 
be in g  unique  to  t h i s  c o u n t r y .  To name j u s t  a few n o t a b l e  examples ,  t h e  
wheat  b e l t  o f  R u s s i a ,  some wine  g rape  d i s t r i c t s  o f  I t a l y  (Morgan,  1973) ,  
and th e  t e a  growing a r e a  o f  Kenya (A lu s a ,  1976) s u f f e r  e s p e c i a l l y  heavy 
damage. P r e s e n t  day knowledge o f  l i k e l y  m o d i f i c a t i o n  methods and t h e  
e x t e n s i v e  c ro p  damage i n d i c a t e  p o t e n t i a l l y  f a v o r a b l e  c o s t - t o - b e n e f i t  
r a t i o s  f o r  h a i l  s u p p r e s s i o n  ( B o r l a n d ,  1977) .
Hail  s u p p r e s s i o n  i s  h a r d l y  a new i d e a .  At tem pts  have ranged  from 
m y s t i c a l  e f f o r t s  by a n c i e n t  c i v i l i z a t i o n s  (Morgan, 1973 ) ,  t o  use o f  
e x p l o s i v e  r o c k e t s  (Sansom, 19 6 8 ) ,  t o  s e e d i n g  t e c h n i q u e s  u s ing  m ain ly  
s i l v e r  o r  l e a d  i o d i d e  (Sax e t  , 1975;  F e d e r e r ,  1977) bu t  o v e r a l l  t h e
1
e f f i c a c y  o f  h a i l s t o r m  m o d i f i c a t i o n  has y e t  t o  be c l e a r l y  dem o n s t ra t ed  (Sax 
^  l l - > 1975) .  A t l a s  (1 977) p roposed  t h a t  one r e a s o n  f o r  t h e  con fus ing  
r e s u l t s  from p a s t  p r o j e c t s  i s  t h a t  a given  s e e d i n g  t e c h n i q u e  may a f f e c t  
h a i l s t o r m s  wi th  d i f f e r e n t  dynamic s t r u c t u r e s  i n  d i f f e r e n t  ways.  C e r t a i n l y  
i t  i s  n e c e s s a r y  t o  u n d e r s t a n d  a s t o r m ' s  t h e r m a l ,  m o i s t u r e ,  and wind 
s t r u c t u r e s  in  o r d e r  t o  d e te rm ine  how h a i l  i s  p roduced .  I t  i s  p r e c i s e l y  
t h i s  knowledge which i s  l a c k i n g .
In t h i s  d i s s e r t a t i o n  an i n v e s t i g a t i o n  i s  made i n t o  t h e  h a i l  
p r o d u c t i o n  c h a r a c t e r i s t i c s  o f  what i s  c o n s id e r e d  to  be t h e  most  p r o l i f i c  
h a i l  p r o d u c e r - - t h e  s u p e r c e l l  s to rm .  Th is  i s  a c com pl i she d  v i a  a c a se  s tu dy  
o f  a s e v e r e  h a i l s t o r m  t h a t  produced  5 cm d i a m e te r  h a i l .
Two major  t o o l s  a r e  n e c e s s a r y  f o r  the  i n v e s t i g a t i o n .  The f i r s t  i s
a t r i o l e  Doppler  wind a n a l y s i s .  A new s y n t h e s i s  t e c h n i q u e  f o r  o b t a i n i n g  
v e r t i c a l  v e l o c i t i e s  i s  deve loped  a f t e r  an e x t e n s i v e  e r r o r  a n a l y s i s .  This  
t e c h n i q u e  i s  c o m p u t a t i o n a l l y  f a s t  and i s  well  s u i t e d  f o r  t h e  no t  i n f r e ­
q ue n t  c i r c u m s t a n c e  when t h e  Doppler  d a t a  i s  o f  low q u a l i t y  a n d /o r
in c o m p le t e .  The second too l  i s  a numerical  h a i l  growth model .  I t  employs 
t h e  c o n t in u o u s  c o l l e c t i o n  p r o c e s s  and a l low s  t h e  s t o r m ' s  the rmal  and 
m o i s t u r e  f i e l d s  t o  va ry  in a l l  t h r e e  s p a t i a l  d im e n s io n s .  The Doppler  
s y n t h e s i s  and num er ica l  model a r e  d e s c r i b e d  i n  C h a p te r s  I I  and I I I ,  
r e s p e c t i v e l y .
Chap te r  IV d e s c r i b e s  t h e  s t o r m ' s  r e f l e c t i v i t y  and v e l o c i t y  f i e l d s .  
O v e r a l l  t h e  s t o r m ' s  s t r u c t u r e  i s  s i m i l a r  to  p r e v i o u s  c o nc ep tua l  models .  
There  a r e ,  however ,  i n t e r e s t i n g  s u b s t r u c t u r e s  in  t h e  v e r t i c a l  v e l o c i t y  
f i e l d .
In Chap te r  V, r e s u l t s  o f  t h e  h a i l  model c a l c u l a t i o n s  a r e  p r e s e n t e d .  
In t h e  l a s t  c h a p t e r  t h e s e  computed ha i l  growth c h a r a c t e r i s t i c s  a r e  compared 
to  p r e v i o u s  models a lo n g  w i th  a d i s c u s s i o n  on t h e  i m p l i c a t i o n s  f o r  
m o d i f i c a t i o n .
I .B Background:  The Hai l P r o d u c t i o n  P r o c e s s —
Theory and O b s e rv a t io n s
I . B . l  n i c r o p h y s i c s  
Bas ic  h a i l s t o n e  growth c h a r a c t e r i s t i c s  have been known f o r  some 
t ime from s t u d i e s  o f  i n t e r n a l  h a i l s t o n e  s t r u c t u r e s  and a p p l i c a t i o n s  o f  
m ic r o p h y s i c a l  growth e q u a t i o n s  ( e . g . ,  Shuman, 1938, Ludlum, 1958;  Mackl in ,  
1963) .  The i n i t i a l  growth u n i t  i s  u s u a l l y  a f r o z e n  drop o r  g raupe l  
p a r t i c l e  a b o u t  5 mm in  d i a m e te r  (Knight  and K n igh t ,  1970) .  O r i g i n s  o f  
t h e s e  p a r t i c l e s  a r e  s t i l l  a m a t t e r  o f  s p e c u l a t i o n .  Bulk s t a t i s t i c a l  
e v id e n c e  on embryo ty p e s  shows t h a t  a p p ro x i m a t e ly  60% o f  Oklahoma embryos 
a r e  f r o z e n  r a i n d r o p s  w h i l e  20% a r e  graupe l  w i th  t h e  r e s t  unknown (Knigh t  
and K n ig h t ,  1978) .
U s u a l l y ,  bu t  n o t  a lw ays ,  t h e r e  i s  a d i s t i n c t  growth boundary 
between t h e  embryo and t h e  h a i l s t o n e .  In f a c t ,  h a i l s t o n e s  a r e  o f t e n  
c h a r a c t e r i z e d  by s e v e r a l  such b o u n d a r i e s .  F i g u r e s  l a  and l b  show a t h i n  
s e c t i o n  o f  a h a i l s t o n e  ( a b o u t  0 . 5  mm t h i c k )  a s  seen  both under  o r d i n a r y  
l i g h t  and between c r o s s e d  p o l a r i z i n g  f i l t e r s .  The embryo in  F i g .  1 i s  
u n u s u a l l y  l a r g e  and would be c l a s s i f i e d  as  a " f r o z e n  drop" ( K n ig h t ,  1980) .  
I t  i s  bounded by t h e  t h i n  l a y e r  o f  bubbly i c e  i n  F ig .  l a ,  o r  t h e  f i r s t  
r i n g  o f  ve ry  small  c r y s t a l s  i n  F i g .  l b .  The c ra c k  in  t h e  drop ru n n in g  
from upper  l e f t  to  lower  r i g h t  a l s o  d e f i n e s  t h e  embryo 's  d i m e n s io n s .
w( a )
F i g .  1 .  T h in  s e c t i o n s  o f  h a i l  s t o n e s  : ( a )  normal  l i g h t ,  ( b )  b e tw e en  
c r o s s e d  p o l a r o i d  f i l t e r s .  P h o t o g r a p h s  a r e  c o u r t e s y  o f  Nancy C. K n ig h t .
s#
E x t e r i o r  t o  t h e  embryo t h e  o r d i n a r y  l i g h t  pho to g ra p h  shows a l t e r n a t e  
l a y e r s  o f  c l e a r  and opaque i c e .  The l a t t e r  i s  c a u se d  by many small  
bubb les  embedded w i t h i n  t h e  i c e  s t r u c t u r e .
C ro s s ed  p o l a r o i d s  a r e  used  to  o b t a i n  a view o f  t h e  h a i l s t o n e ' s  
c r y s t a l l i n e  s t r u c t u r e .  Areas d i s p l a y i n g  t h e  same c r y s t a l l i n e  o r i e n t a t i o n  
a p p e a r  a s  r e g i o n s  o f  c o n s t a n t  s h a d i n g .  For  example ,  in  F ig .  l b  t h e  embryo 
c o n t a i n s  r e l a t i v e l y  l a r g e  c r y s t a l s ;  w h e re as ,  t h e  r em a in d e r  o f  t h e  h a i l ­
s t o n e  e x h i b i t s  a l t e r n a t e  l a y e r s  o f  medium and smal l  c r y s t a l s .
In  g e n e r a l ,  i t  has been shown t h a t  c l e a r  i c e  and l a r g e  c r y s t a l s  a r e  
a s s o c i a t e d  w i t h  what  i s  te rmed  "wet" growth and opaque i c e  and small 
c r y s t a l s  a r e  i n d i c a t i v e  o f  "d ry"  growth (Levi  and Aufdermaur,  1970;  Car ra s  
and M a c k l in ,  1 975;  Knight  e ^  , 1978) .  I t  i s  obvious  from t h i n  s e c t i o n s  
l i k e  t h a t  shown in  F ig .  1 ,  t h a t  h a i l s t o n e s  u s u a l l y  e x p e r i e n c e  s e v e r a l  
changes i n  t h e i r  growth en v i ro n m en t .
The c o n c e p t s  o f  wet  and d r y  growth a r e  a s s o c i a t e d  w i th  one o f  t h e  
most  c r i t i c a l  h a i l s t o n e  growth f a c t o r s - - t h e  h e a t  budge t .  H a i l s t o n e s  grow 
m a in ly  by a c c r e t i n g  s u p e r c o o l e d  w a t e r .  Hea t  r e l e a s e  a s s o c i a t e d  w i th  
f r e e z i n g  t h i s  w a te r  i s  q u i t e  s u b s t a n t i a l . I f  t h e  h a i l s t o n e  can d i s s i p a t e  
a l l  t h i s  r e l e a s e d  h e a t ,  then  d r y  growth o c c u r s .  Any n e t  h e a t  ga in  m ere ly  
r a i s e s  t h e  t e m p e r a t u r e  o f  t h e  h a i l s t o n e ' s  s u r f a c e .  I f ,  however ,  a l l  t h e  
h e a t  c a n n o t  be d i s s i p a t e d ,  t h e  h a i l s t o n e  s u r f a c e  t e m p e r a t u r e  remains a t  
0°C and some a c c r e t e d  w a t e r  rem a ins  u n f r o z e n .  Th i s  u n f ro z e n  w a t e r  may 
e i t h e r  be shed o r  remain w i th  t h e  h a i l s t o n e  in  c a v i t i e s .
The o c c u r r e n c e  o f  wet growth has i m p o r t a n t  i m p l i c a t i o n s .  F i r s t  o f  
a l l ,  i t  s u g g e s t s  a growth i n e f f i c i e n c y .  Tha t  i s ,  t h e  h a i l s t o n e  canno t  
a c c r e t e  a l l  t h e  w a te r  i t  e n c o u n t e r s .  Th is  i s  r e l e v a n t  t o  m o d i f i c a t i o n  vi a
l i q u i d  w a t e r  d e p l e t i o n  s i n c e ,  f o r  a h a i l s t o n e  e x p e r i e n c i n g  wet  g row th ,  a 
d e c r e a s e  in  a v a i l a b l e  l i q u i d  w a t e r  does n o t  g u a r a n t e e  a d e c r e a s e  i n  h a i l  
mass .  A nother  f a c t o r  o f t e n  o v e r looke d  i s  t h a t  i c e  c r y s t a l s  a r e  r e a d i l y  
c o l l e c t e d  by a h a i l s t o n e  unde rgo ing  wet growth.  I c e  c r y s t a l  c o l l e c t i o n  
may, t h e r e f o r e ,  be i m p o r t a n t  i n  mixed phase a r e a s  where h a i l s t o n e s  a r e  
unde rgo ing  wet  g rowth .
In summary, w h i l e  i t  can be s a i d  t h a t  i n d i v i d u a l  h a i l s t o n e s  have 
complex growth h i s t o r i e s ,  t h e  b a s i c  i n g r e d i e n t s  n e c e s s a r y  to  form l a r g e  
h a i l  a r e  wel l  known. These a r e  embryos,  high l i q u i d  w a te r  c o n t e n t  ( o r ,  i f  
t h e  h a i l s t o n e  i s  growing w e t ,  high  i c e  w a t e r  c o n t e n t ) ,  and c o ld  t e m p e r a t u r e s .  
Unanswered,  however ,  i s  t h e  q u e s t i o n  o f  how t h e  s to rm  o r g a n i z e s  a l l  t h e s e  
f a c t o r s  to  p r o v id e  growth a r e a s  s u i t a b l e  f o r  l a r g e  h a i l  p r o d u c t i o n .
I . B . 2  H a i l s to rm  S t r u c t u r e s
G e n e r a l l y  s p e a k i n g ,  h a i l s t o r m s  a r e  c l a s s i f i e d  i n t o  two b a s i c  
s t r u c t u r e s - - o r d i n a r y  c e l l  and s u p e r c e l l  ( s e e  Browning, 1977;  M arw i tz ,
1 9 7 2 a , b , c ;  Chisholm and Ren ick ,  1972) . The o r d i n a r y  c e l l  has a bou t  a 
30 min l i f e t i m e  and e v o lve s  th ro u g h  t h r e e  s t a g e s - - c u m u l u s ,  m a t u r e ,  and 
d i s s i p a t i n g  (Byers  and Braham, 1949; F ig .  2 ) .  In t h e  cumulus s t a g e  t h e  
s to rm  i s  a c t i v e l y  growing and c o n s i s t s  a lm os t  e n t i r e l y  o f  u p d r a f t .
E v e n t u a l l y  t h e  produced p r e c i p i t a t i o n  and e n t r a i n m e n t  form a d o w ndra f t  in  
p a r t  o f  t h e  s to rm .  Thi s  p e r i o d  when t h e r e  i s  a m ix tu re  o f  u p d r a f t  and 
dow ndra f t  i s  c a l l e d  t h e  m atu re  s t a g e .  F i n a l l y ,  a s  e n t r a i n m e n t  and p r e ­
c i p i t a t i o n  l o a d i n g  i n c r e a s e  and t h e  u p d r a f t  i s  c u t  o f f  by t h e  d o w n d ra f t ,  
t h e  d i s s i p a t i n g  s t a g e  b e g in s .  This  s t a g e  i s  c h a r a c t e r i z e d  by weak 
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Fi g.  2.  S tages  in  t h e  l i f e t i m e  
o f  an o r d i n a r y  c e i l  ( a f t e r  Byers 
and Braham, 1349) ,  Top l e f t  - 
cumulus s t a g e ;  top  r i g h t  - mature  
s t a g e ;  bot tom l e f t  -  d i s s i p a t i n g  
s t a g e .
fo rm ing  a p r e f e r r e d  r e g i o n  f o r  t h e  growth o f  s u b s e q u e n t  c e l l s .  Of ten 
t h e s e  new c e l l s  form in  a random manner g iv in g  r i s e  t o  a s c a t t e r e d  
p a t t e r n  o f  " s i n g l e "  c e l l  s t o r m s .
For  r e a s o n s  y e t  t o  be c o m p le te ly  de te rm ined  b u t  b e l i e v e d  to  be 
a s s o c i a t e d  w i th  e n v i ro n m en ta l  w inds ,  a new c e l l  w i l l  sometimes form in  
a c o n s i s t e n t  l o c a t i o n  w i th  r e s p e c t  t o  t h e  o ld  c e l l .  As each c e l l  grows 
and d e c a y s ,  i t  a d v e c t s  w i t h  t h e  mean env ironm enta l  w in d s .  A new c e l l  t h en  
forms on t h e  upwind s i d e  o f  t h e  o l d  one on t h e  o u t f l o w  boundary ,  r e s u l t i n g  
i n  a s u c c e s s i o n  o f  o r d i n a r y  c e l l s  i n  v a r io u s  s t a g e s  o f  deve lopment  a l i g n e d  
w i t h  t h e  mean env i ro n m en ta l  winds .  Thi s  s t r u c t u r e  has been r e f e r r e d  t o  in  
t h e  l i t e r a t u r e  as  a  m u l t i  c e l l  s to rm .
S u p e r c e l l  s to rm s  were f i r s t  r ec o g n ize d  as  e n t i t i e s  because  o f  t h e i r  
unusua l  s e v e r i t y  and d i s t i n c t i v e  a p pearance  on r a d a r .  Nelson and Young 
(1979)  showed t h a t  t h e  a v e ra g e  Oklahoma s u p e r c e l l  s to rm  produces l a r g e r  
h a i l  (mean maximum d i a m e te r  o f  4 . 4  cm) over  l a r g e r  a r e a s  (mean maximum 
swath  wid th  18.1 km) t h a n  t h e i r  o r d i n a r y  c e l l  c o u n t e r p a r t s  (means o f  
1 . 4  cm and 8.1 km, r e s p e c t i v e l y ) .  As d e s c r i b e d  by Browning (1977) ,  t h e  
d i s t i n g u i s h i n g  dynamical  f e a t u r e  o f  a s u p e r c e l l  i s  b e l i e v e d  to  be an 
u p d r a f t / d o w n d r a f t  c o u p l e t  " . . .  c o e x i s t i n g  s y m b i o t i c a l l y  f o r  a long 
p e r i o d  (30 min o r  m o r e ) . "  F igu re  3a shows a c o n c e p t u a l  two-d im ens iona l  
v e r t i c a l  s e c t i o n  o f  t h e  u p d r a f t / d o w n d r a f t  in  a s u p e r c e l l  s torm ( a f t e r  
Browning and F o o t e ,  1976) .  I t  i s  g e n e r a l l y  t h o u g h t  t h a t  t h e  d r a f t s  a r e  
s lo p e d  so t h a t  t h e  dow n d ra f t  u n d e rc u t s  the  u p d r a f t  b u t  many s t r u c t u r a l  
d e t a i l s  a r e  s t i l l  a m a t t e r  o f  c o n j e c t u r e  due t o  a l a c k  o f  d i r e c t  e v i d e n c e .  
Q u e s t io n s  a l s o  e x i s t  p e r t a i n i n g  to  t h e  o r i g i n ,  e v o l u t i o n ,  and s t e a d i n e s s  
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Fig .  3. V e r t i c a l  ( a ) ,  h o r i z o n t a l  ( b - ,  and c h re e - d im e n s io n a l  p e r s p e c t i v e  
views (c )  o f  Browning and F o o t e ' s  (197ôi  concao tua l  h a i l s t o r m  model .
L i g h t  l i n e s  r e p r e s e n t  t h e  r e f l e c t i v i t y  f a c t o r  c o n to u r e d  every  10 oBz. 
Cont inuous  heavy b lack  l i n e s  w i th  a rrowheads in {a; a re  s t r e a m l i n e s  r e l a t i v e  
to  s to rm motion (Vg in  ( b ) ) .  Shaded a r e a s  in ( a ; and ib )  show t h e  'embryo 
c u r t a i n . "  C r o s s -h a t c h e d  a r e a  in {b; i s  embryo sou rc e  r e g i o n  with She 
a s s o c i a t e d  s o l i d  l i n e  w i th  a r rownead  showing p lan  o o s i t i o n  of  emoryo t r a ­
j e c t o r y .  This  t r a j e c t o r y  i s  a l s o  d i s p l a y e d  in { c )  by t h e  l i n e  TiE? .  Hail 
growth t r a j e c t o r i e s  a r e  shown by s n o r t  l i n e s  w i th  a rrowheads  in i,a) and
(b)  and by l i n e  EoH in ( c ) .  Tote in j c )  t r a j e c t o r i e s  hidden oy p lan e s  
a p o e a r  as dashed T in e s .  Env ironm enta l  wlnos r e l a t i v e  to s torm motion a t
low (L ) ,  m iodle  (M), and high 
a r row s  in (b ) .
l e v e l s  a re  shown by the  l a b e l e d  s o l i d


























1976;  Lemon and D o s w e l l , 1979) .  N o n e th e le s s  i t  i s  t h i s  u p d r a f t / d o w n d r a f t  
c o u p l e t  c o e x i s t i n g  f o r  long p e r i o d s  o f  t im e  t h a t  d i f f e r e n t i a t e s  t h e  
dynamic s t r u c t u r e  o f  t h e  o r d i n a r y  and s u p e r c e l l  s to r m s .
There have been many f i n e  numer ica l  models both o f  m ic rophys ic a l  
h a i l  growth p r o c e s s e s  ( e . g . ,  D an ie l sen  ^  a l_ . , 1972; Young, 1978) and o f  
h a i l s t o r m  dynamics ( e . g . ,  Takeda,  1971;  Wilhelmson and Klemp, 1978) .  
Computer l i m i t a t i o n s ,  however,  have p re v e n t e d  a meld ing  o f  d e t a i l e d  
m ic r o p h y s i c s  and s to rm dynamics i n t o  one t h r e e  dimens iona l  s i m u l a t i o n .  To 
s tu d y  h a i l  growth w i th  r e s p e c t  to  s to rm  dynamics p r e v i o u s  modele rs  t y p i ­
c a l l y  have s i m p l i f i e d  t h e  m i c r o p h y s i c s ,  p a r a m e t e r i z e d  t h e  dynamics and 
reduced  t h e  a n a l y s i s  domain t o  two d imens ions  ( E n g l i s h ,  1973;  Musil e t  a l . ,  
1975;  S a r t o r  and Cannon, 1977) .  Two s t u d i e s  have made use o f  Doppler  
measured wind f i e l d s  i n  a t h r e e - d i m e n s i o n a l  f ramework— Pa luch ,  1978;
O r v i l l e  e;t ^ . , 1 979. Both d e a l t  w i th  o r d i n a r y  c e l l  Colorado  h a i l s t o r m s  
which e x i s t e d  in  e nv i ronm en ts  w i th  r e l a t i v e l y  low a d i a b a t i c  w a t e r  c o n t e n t s  
( s u r f a c e  mix ing  r a t i o s  o f  9 g kg"^ o r  l e s s ) .  To d a t e  t h e r e  have been no 
s i m i l a r  s t u d i e s  o f  s u p e r c e l l  s to r m s .
While no t h r e e  d imens io na l  numer ica l  models have d e a l t  w i th  ha i l  
growth in  a s u p e r c e l l  s to r m ,  a c o nc ep tua l  model based on e q u i v a l e n t  
r e f l e c t i v i t y  f a c t o r ^  measurements  has been s y n t h e s i z e d  by Browning and 
Foo te ,  1976. They p ropose  embryos o f  t h e  l a r g e s t  h a i l  form between abou t  
5 and 10 km a t  t h e  upwind s t a g n a t i o n  p o i n t  between t h e  s torm and the  
env ironm enta l  f low .  T h i s  r e g i o n  i s  l o c a t e d  a t  and above t h e  c r o s s - h a t c h e d  
c i r c l e  in  F ig .  3b.  In ou r  example,  t h e  embryos a r e  a d v e c t e d  n o r th e a s tw a r d
^ H e r e a f t e r  t h i s  q u a n t i t y  w i l l  be c a l l e d  r e f l e c t i v i t y .
1 2
o r  e a s tw a rd  i n  t h e  m id d le  and upper  l e v e l  f low as  shown in  p l a i n  view by 
t h e  s o l i d  l i n e  i n  F i g .  3b and in  t h r e e - d i m e n s i o n a l  p e r s p e c t i v e  between
E^Eg in  F i g .  3c .  As t h e  embryos a r e  t r a n s p o r t e d  away from th e  u p d r a f t ,  
t h ey  s i n k  and r e - e n t e r  t h e  u p d r a f t  a t  lower  l e v e l s .  Thi s  p ro ce s s  i s  
termed " i n j e c t i o n "  o f  embryos i n t o  t h e  h a i l  growth r e g i o n .  Browning and 
Foote s u g g e s t  t h e  embryos t h a t  p roduce  l a r g e  h a i l  r e - e n t e r  t h e  u p d r a f t  a t  
a f a i r l y  low h e i g h t  (~6 km). They c o n s i d e r  t h i s  low t r a j e c t o r y  n e c e s s a r y  
f o r  a c h i e v i n g  t h e  b a l a n c e  between u p d r a f t  speed  and embryo t e r m in a l  
v e l o c i t y ,  t h u s  p r e v e n t i n g  t h e  r a p i d  t r a n s i t i o n  o f  t h e  p a r t i c l e s  t o  a r e a s  
o f  c o l d e r  t e m p e r a t u r e s .  Because o f  t h e  h y p o t h e s i z e d  p r e s e n c e  o f  embryos,  
t h ey  have termed t h e  h igh  r e f l e c t i v i t y  a r e a  t o  t h e  e a s t  o f  the  u p d r a f t  t h e  
"embryo c u r t a i n "  ( s e e  sha ded  a r e a s  o f  F ig .  3a and 3b) .  Browning and Foote 
propose t h e  l a r g e s t  h a i l  i s  produced by embryos t h a t  a d v e c t  away from the  
embryo c u r t a i n  and o v e r  t h e  weak echo r e g i o n  (dashed  l i n e s  w i th  arrowheads  
in  F ig s .  3a and 3b,  and E-jH in  F ig .  3 c ) .
I . B . 3  D i s s e r t a t i o n  O b j e c t i v e s  
Th is  d i s s e r t a t i o n ' s  c e n t r a l  theme i s  t h e  s tu d y  o f  h a i l  growth in 
t h e  c o n t e x t  o f  t h e  k i n e m a t i c a l  s t r u c t u r e  o f  a s u p e r c e l l  t y p e  s to rm .  
I m por tan t  t o p i c s  i n  t h e  h a i l  p r o d u c t i o n  p r o c e s s  a r e :  embryo s o u r c e s ,
embryo g row th ,  embryo i n j e c t i o n  r e g i o n s ,  h a i l s t o n e  g rowth ,  and h a i l s t o n e  
m e l t i n g .  Th is  work w i l l  s t u d y  embryo i n j e c t i o n  r e g i o n s  and h a i l  growth 
u s ing  Dopple r  d e r i v e d  t h r e e - d i m e n s i o n a l  f low f i e l d s  f rom a s u p e r c e l l  s torm 
in  c o n j u n c t i o n  w i t h  a num er ica l  h a i l  growth model .  S p e c i f i c a l l y ,  t h e  
f o l l o w in g  w i l l  be a d d r e s s e d :
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1) Comparing measured s to rm  k inem a t ic  f low  f i e l d  t o  t h e  Browning- 
Foote  m ode l .
2) S p e c u l a t i n g  on embryo growth and s o u r c e s .
3) I d e n t i f y i n g  growth t r a j e c t o r i e s  o f  l a r g e  h a i l .
4) De te rm in ing  i m p o r t a n t  growth p a ra m e t e r s  a lo ng  computed t r a j e c ­
t o r i e s  i n c l u d i n g :
a )  Le a rn ing  how t h e  s t o r m ' s  wind,  t h e r m a l ,  and m o i s t u re  
s t r u c t u r e s  i n t e r a c t  to  produce  f a v o r a b l e  growth a r e a s .
b) I d e n t i f y i n g  a r e a s  o f  maximum growth .
c)  I d e n t i f y i n g  r e l a t i v e  impor tance  o f  h a i l s t o n e  -  s u p e rc o o l e d
w a t e r  v e r s u s  h a i l s t o n e  - i c e  c r y s t a l  growth.
5) M odify ing  c o n c e p tu a l  models o f  h a i l  growth in  s u p e r c e l l  s to r m s .
6) S p e c u l a t i n g  on p o s s i b l e  e f f e c t s  o f  p r e s e n t  day m o d i f i c a t i o n  
t e c h n i q u e s  on s u p e r c e l l  s to rm s .
To r e i t e r a t e ,  the  f o l l o w i n g  two c h a p t e r s  c o n t a i n  d e t a i l s  o f  t h e  
Dopple r  s y n t h e s i s  and h a i l  growth model . Some r e a d e r s  may wish to  p roceed  
d i r e c t l y  t o  t h e  c h a p t e r s  c o n t a i n i n g  th e  s torm s t r u c t u r e  ( I V ) ,  h a i l  growth 
c a l c u l a t i o n s  (V) ,  and d i s c u s s i o n  (VI) .
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CHAPTER I I  
ANALYSIS WITH THREE DOPPLER RADARS
I I .A  I n t r o d u c t i o n  
The f i r s t  i n g r e d i e n t  n e c e s s a r y  f o r  computing h a i l  t r a j e c t o r i e s  i s  
a c c u r a t e  t h r e e - d i m e n s i o n a l  a i r  v e l o c i t i e s .  P re v io u s  i n v e s t i g a t o r s  u s in g  
d a t a  from two o r  more Doppler  r a d a r s  have been s u c c e s s f u l  a t  d e r i v i n g  
s to rm  h o r i z o n t a l  f low  f i e l d s  ( e . g . .  Brown and Peace ,  1968;  L h e r m i t t e ,
1970;  K r o p f l i  and M i l l e r ,  1975; Brown e t  £ l_ . , 1975;  Ray e t  , 1975; 
B ra nde s ,  1977; B u rgess  e t  al_.,  1977;  H eym sf ie ld ,  1978;  Ray e ^  a j_ . , 1978;  
Z i e g l e r ,  1978) .  O b t a i n i n g  v e r t i c a l  v e l o c i t i e s  has proven to  be more 
d i f f i c u l t .  There  a r e  two t e c h n i q u e s  f o r  c a l c u l a t i n g  t h e  v e r t i c a l  v e l o c i t y  
f rom Dopple r  d a t a .  The more u s e f u l  o f  t h e  two methods f o r  s e v e r e  s to rm 
r e s e a r c h  i n v o lv e s  u s in g  t h e  measured h o r i z o n t a l  f low and th e  c o n t i n u i t y  
e q u a t i o n .  The v e r t i c a l  v e l o c i t i e s  c a l c u l a t e d  in  t h i s  way, however ,  can 
become u n r e a l i s t i c  t h ro u g h  a c c u m u la t io n  o f  small  e r r o r s  a t  each i n t e g r a ­
t i o n  s t e p  (Ray and Wagner ,  1976; Burgess  e t  ^ . ,  1977;  K e l ly  e t  a l . ,
1978;  Z i e g l e r ,  1 9 7 8 ) .  O 'B r ien  (1970)  a t t e m p t e d  to  c o r r e c t  t h i s  problem 
f o r  rawinsonde  d a t a  by u s ing  a c o n s t r a i n t  on t h e  v e r t i c a l  v e l o c i t y  a t  t h e  
t o p  i n t e g r a t i o n  l i m i t  and t h e  c a l c u l u s  o f  v a r i a t i o n s  ( S a s a k i ,  1958) .  A 
s i m i l a r  t e c h n i q u e  was a p p l i e d  t o  Dopp le r  d a t a  by Ray e t  (1978)  and 
Z i e g l e r  (1 978) .
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The t e c h n i q u e  o f  i n t e g r a t i n g  upwards and a p p ly i n g  t h e  c o n s t r a i n t  a t  
t h e  t o p  does have some d raw backs ,  however . Unless  t h e  d a t a  i s  c o n t i n u o u s  
from t h e  s u r f a c e  t o  t h e  s to rm  top  (where t h e  u p d r a f t  i s  assumed n e g l i g i b l e )  
a d j u s t e d  v e r t i c a l  v e l o c i t i e s  a r e  no t  p o s s i b l e .  In f a c t ,  f o r  r e g i o n s  such 
as  "echo  ove rhangs"  no s o l u t i o n  a t  a l l  i s  p o s s i b l e .
The pu rpose  o f  t h i s  c h a p t e r  i s  t w o f o l d .  F i r s t ,  i t  p r e s e n t s  a 
d e t a i l e d  i n v e s t i g a t i o n  o f  p o t e n t i a l  s o u rc e s  o f  e r r o r s  in  computing t h e  
u p d r a f t  from c o n t i n u i t y .  Using t h i s  i n f o r m a t i o n ,  d a t a  h a n d l i n g  and s o l u ­
t i o n  t e c h n i q u e s  a r e  d e v i s e d  t o  minimize  t h e s e  e r r o r s .  I t  i s  shown t h a t  
downward i n t e g r a t i o n  i s  i n h e r e n t l y  s u p e r i o r  t o  upward i n t e g r a t i o n  u n l e s s  
one i s  i n t e r e s t e d  i n  o n l y  t h e  l o w e s t  few k i l o m e t e r s .  Th is  i s  e s p e c i a l l y  
t r u e  when d a t a  does no t  e x te n d  th rough  t h e  e n t i r e  v e r t i c a l  column. These 
p o i n t s  a r e  i l l u s t r a t e d  u s i n g  both a c t u a l  and s im u l a t e d  d a t a  g e n e r a t e d  from 
a n a l y t i c a l  f u n c t i o n s .
I I . B  Bas ic  Equa t ions  
Assuming t h e  e a r t h  i s  a f l a t  p l ane  and u s in g  t h e  geomet ry  in 
F ig .  4 ,  t h e  do t  p r o d u c t  o f  t h e  r a d i u s  v e c t o r  from r a d a r  " i "  w i th  the  
t r a c e r  v e l o c i t y  y i e l d s  ( A rm i jo ,  1969):
. V = RjV. = ux. + vy. + wz^ (1)
With t h r e e  n o n c o l i n e a r  r a d a r s  ( i = 1 , 2 , 3 ) ,  t h e  f o l l o w i n g  3 x 3  m a t r ix
X i  y ^ ■ u - V i R i -
* 2  ) 2  = 2 V
=
* 2 ^ 2




F ig .  4 .  
p o i n t  X1 >
R e l a t i o n s h i p  between r a d a r  " i "  and t r a c e r  v e l o c i t y  V a t  d a ta  
y ^ ,  Z ]  w i t h  r e s p e c t  t o  t h e  r a d a r .  R-j -  r a d i u s  v e c t o r  to  the
d a t a  p o i n t ;  Vi r a d i a l  v e l o c i t y  measured by r a d a r .
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can be s o lv e d  t o  y i e l d
<^2^3 ■ ^322) '^3^1 ■ ^1^3> (y,Z2 - ^2^1'
(X3Z2 -  XgZg) (x^Zg -  XgZ^) (XgZ^ -  X^Zg)
(*2)3 • *3i'2> (*3^1 - ’‘l^3> ‘*1^2 - ■'2^ 1 >■■ ^*3*3






- V i R i -
VgRg (3)
V,rJ
X = x ^ t y g Z }  -  Y g Z g )  -  y ^ C x g Z ]  -  x ^ Z g )  +  z ^ f x g y g  -  x ^ y g )
There a r e  o n ly  two n o n f i n i t e  s o l u t i o n s  t o  Eq. ( 3 ) .  The f i r s t  o c c u r s  when 
th e  s o l u t i o n  p o i n t  i s  e x a c t l y  c o l o c a t e d  w i th  one o f  t h e  r a d a r  p o s i t i o n s  
(x .^ = y^ = z^ . = 0 ) .  This  i s ,  o f  c o u r s e ,  n o t  p o s s i b l e  s i n c e  d a t a  cou ld  no t  
e x i s t  t h e r e  from a l l  t h r e e  r a d a r s .  The second c a se  o c c u rs  in  t h e  u n l i k e l y  
e v e n t  t h a t  a l l  t h r e e  r a d a r s  and th e  d a t a  t o  be a n a ly z e d  a r e  l o c a t e d  a t  t h e  
same h e i g h t , ( h e n c e  z.j = Zg = z^ = 0 ) .
I I . C  Geometr ic  C o n s i d e r a t i o n s
F a i r l y  e x t e n s i v e  a n a l y s e s  r e l a t i n g  r a d i a l  v e l o c i t y  a c c u r a c y ,  
r a d a r / d a t a  geomet ry ,  and d e r i v e d  wind f i e l d  a c c u r a c y  have been p r e s e n t e d  
by Bohne and S r i v a s t a v a  ( 1 975 ) ,  Doviak e t  (1976)  and Ray e t  a l .
(1978) .  For example.  F ig .  5 ( a f t e r  Ray e t  ^ . , 1978) shows t h e  s t a n d a r d  
d e v i a t i o n  o f  h o r i z o n t a l  wind u n c e r t a i n t y  f o r  a model t r i p l e  Dopple r  
ne tw ork .  Actua l  v a lu e s  a r e  no t  i m p o r t a n t  t o  t h i s  d i s c u s s i o n  s i n c e  they  
a r e  dependen t  upon i n d i v i d u a l  r a d a r  and a n a l y s i s  c h a r a c t e r i s t i c s .  The 
s i g n i f i c a n t  p o i n t  i s  t h a t  a c cu ra cy  in  t h e  h o r i z o n t a l  v e l o c i t y  d e t e r i o r a t e s  
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-1F i g .  5. S t a n d a r d  d e v i a t i o n  o f  h o r i z o n t a l  wind u n c e r t a i n t y  (m s~ ) f o r  a 
model t r i p l e  Dopple r  ne twork  ( a f t e r  Ray e t  a j_ . , 1978) .
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be remembered t h a t  o n l y  D opple r  sampling  problems were c o n s id e r e d  i n  
d e r i v i n g  t h e s e  e r r o r  c u r v e s .  O the r  e r r o r  s o u rc e s  such as  a m p l i t u d e  
changes  due to  i n t e r p o l a t i o n  o r  f i l t e r i n g ,  and hardware o r  s o f t w a r e  
p roblems w i l l  f u r t h e r  de g ra d e  t h e  a n a l y s i s .
C a l c u l a t i o n s  have shown t h e  geometry problem to  be even more a c u t e  
f o r  w. T h i s  can be s im p ly  shown by u s in g  Eq. (1)  and l e t t i n g  u=v=0. 
Assuming t h e  geometry shown i n  F ig .  6 ,  w i s  given  by:
“  -
F i g u r e  7 shows t h e  r e l a t i o n s h i p  between r a d i a l  v e l o c i t y  e r r o r s ,  e l e v a t i o n  
a n g l e ,  and w e r r o r s .  Even a 1 m s ”  ^ e r r o r  i n  V. can  cause  l a r g e  prob lems 
i n  ÜJ a t  e l e v a t i o n  a n g l e s  l e s s  than  a b o u t  10°.
I I .0  S o l v in g  f o r  A i r  V e l o c i t y
So f a r ,  a l l  comments have d e a l t  wi th  t h e  t r a c e r  r a t h e r  t h an  a i r  
v e l o c i t y .  Most hydrometeors  r a p i d l y  a c q u i r e  t h e  h o r i z o n t a l  v e l o c i t y  o f  
t h e  a m bien t  a i r  (W i l son ,  1970 ) .  The u and v components d e r i v e d  d i r e c t l y  
f rom Eq. (3)  a r e ,  t h e r e f o r e ,  assumed t o  be i n d i c a t i v e  o f  t h e  h o r i z o n t a l  
f lo w .
In s e v e r e  t h u n d e r s t o r m s ,  however ,  t h e  same i s  n o t  t r u e  f o r  t h e  
v e r t i c a l  component s i n c e  t h e  hyd ro m e teo r s '  t e r m in a l  v e l o c i t y  can be q u i t e  
s i g n i f i c a n t .  There  a r e  two t e c h n i q u e s  t o  r e t r i e v e  w from t h e  b a s i c  
measurements  (Bohne and S r i v a s t a v a ,  1975) ,  The more s im ple  s o l u t i o n  i s  to  
make use  o f  t h e  r e l a t i o n s h i p
W = (Jj -  V y
2 0
Ù J
F i g .  5 .  S i m p l i f i e d  geometry  showing r e l a t i o n s h i p  between t h e  r a d a r ' s  
e l e v a t i o n  a n g l e  ( 4 i ) ,  r a d i a l  v e l o c i t y  ( V i ) ,  and t h e  t r a c e r  v e r t i c a l  
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F ig .  7. R e l a t i o n s h i p  between r a d i a l  v e l o c i t y  e r r o r  (V ) and t r a c e r  
v e r t i c a l  v e l o c i t y  e r r o r  (wE) a s  a f u n c t i o n  o f  e l e v a t i o n  a n g le
2 2
where w i s  measured d i r e c t l y  and V-j- can be e s t i m a t e d  from the  r e f l e c t i v i t y  
f i e l d  (Zg) .  T h i s  has t h e  a d v a n ta g e  o f  be ing  c o m p u t a t i o n a l l y  s im ple  and i s  
f r e e  o f  num er ica l  p rob lem s .  As shown i n  I I . C ,  however ,  w i s  r e l i a b l e  on ly  
a t  f a i r l y  h igh  e l e v a t i o n  a n g l e s .  When c oup le d  w i t h  t h e  u n c e r t a i n t i e s  in  
t h e  Vy,Zg r e l a t i o n s h i p ,  t h i s  t e c h n i q u e  i s  o f  m a r g i n a l  v a lu e  in  s e v e r e  
s to rm  r e s e a r c h .
The second  method i n v o l v e s  i n t e g r a t i n g  t h e  s i m p l i f i e d  c o n t i n u i t y  
e q u a t i o n
3(poW)
3z ^e+ Pa (V '  v)  = 0
t o  y i e l d
P d  1 / *  ^
%  " '^B ^  J  P e  (V • v) dZ .
where the  s u b s c r i p t s  r e f e r  t o  q u a n t i t i e s  a t  t h e  i n t e g r a t i o n  l i m i t s  
(B-boundary ;  n -any  l e v e l  " n " ) .  T h i s  e q u a t i o n  i s  u s u a l l y  so lved  ove r  small  
i n t e r v a l s  i n  a s t e p w i s e  manner  u s in g  a numer ica l  a p p ro x im a t io n  f o r  t h e  
i n t e g r a l  t e rm .  For example,  u s ing  the  t r a p e z o i d a l  i n t e g r a t i o n  a p p r o x i ­
m at io n  t h e  v e r t i c a l  v e l o c i t y  a t  l e v e l  2 i n  F ig .  8 i s  g iven  by
Pb
^2 = ^B [^B^^ * ^^B ^ * ^ ^ 2]  El
where Ej i s  t h e  e r r o r  te rm f o r  t h e  num er ica l  a p p r o x i m a t io n .  For t h e
moment i g n o r i n g  E p  t h e  g e n e r a l  e x p r e s s i o n  i s
Pg n p .










Fig .  8. Diagram i l l u s t r a t i n g  s t e p w is e  s o l u t i o n  o f  i n t e g r a l  form o f
c o n t i n u i t y  e q u a t i o n .
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where
Note t h a t  t h e  Wg and te rms  c o u ld  be combined.  They a r e  t r e a t e d  
s e p a r a t e l y ,  t h o u g h ,  b ecause  e r r o r s  in  t h e s e  two te rms  come from d i f f e r e n t  
s o u r c e s .  Wg e r r o r s  a r e  due t o  e r r o n e o u s  boundary v a lu e s  and %Aw^  e r r o r s  
a r i s e  f rom i n a c c u r a c i e s  i n  t h e  i n t e g r a l  term a t  p r e v i o u s  l e v e l s .  These  
e r r o r s  w i l l  be t r e a t e d  in  I I . D . 2 and  I I . D . 3.
To s o lv e  Eq. ( 5 ) ,  i t  i s  n e c e s s a r y  to  have t h e  u ,v  f i e l d s  computed 
from Eq. ( 3 ) ,  a boundary  c o n d i t i o n  f o r  w, numer ica l  t e c h n i q u e s  f o r  
a p p ro x i m a t in g  t h e  d i v e r g e n c e  as  w e l l  a s  t h e  i n t e g r a l  t e rm ,  and an 
e x p r e s s i o n  f o r  d e n s i t y  w i th  h e i g h t .  For  t h e  p r e s e n t  a n a l y s i s  program, 
t h i s  l a t t e r  term i s  o b t a i n e d  by a t h i r d  deg ree  polynomial  a p p ro x i m a t io n  to  
t h e  U.S. S t a n d a r d  a tm osphere  f o r  30°N i n  J u l y  (ESSA-NASA, 1966) .  Eq. (5 )  
shows t h a t  e r r o r s  w i l l  be i n t r o d u c e d  i n t o  w^ i f  t h e  approx im ate  d e n s i t y  
r a t i o  i s  s i g n i f i c a n t l y  i n  e r r o r .  To t e s t  t h i s  p o s s i b i l i t y  t h e  d e n s i t y  
r a t i o s  a t  150 m i n t e r v a l s  in  t h e  u p d r a f t  o f  a one -d im en s io n a l  a d i a b a t i c  
model were compared w i t h  t h e  S t a n d a r d  Atmosphere r a t i o s  a t  t h e  same 
l e v e l s .  Eleven c a s e s  were i n v e s t i g a t e d  u s ing  N a t io n a l  Seve re  Storm 
L a b o r a t o r y ' s  (NSSL) env i ronm en ta l  soun d in g s  a s  model i n p u t .  The d e n s i t y  
a p p r o x i m a t io n s  were  e x c e l l e n t  w i t h  t h e  d i s a g r e e m e n t  a lways l e s s  t h an  1%.
I I . D . l  Numerical  Approx imat io n  E r r o r s
S e v e ra l  d i f f e r e n t  numer ica l  a p p r o x i m a t io n s  can be used f o r  t h e  
d e r i v a t i v e  and i n t e g r a l  te rms  needed t o  s o lv e  Eq. ( 5 ) .  In t h i s  s t u d y  t h e  
5 - p o i n t  f i n i t e  d i f f e r e n c e  and t h e  t r a p e z o i d a l  i n t e g r a t i o n  a p p r o x i m a t io n s
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a r e  u t i l i z e d .  Assuming a s i n e  wave,  t h e  t r u n c a t i o n  e r r o r s  ( r a t i o  o f  
n um er ica l  t o  a n a l y t i c a l  f i r s t  d e r i v a t i v e )  a s  a f u n c t i o n  o f  d a ta  s pa c ing  
( a x ) have been c a l c u l a t e d  f o r  3 and 5 - p o i n t  f i n i t e  d i f f e r e n c e  approxima­
t i o n s  ( F i g .  9;  H a l t i n e r ,  1971) . Even t h e  5 - p o i n t  e s t i m a t o r  does no t  
a d e q u a t e l y  r ep roduc e  waves o f  t h e  o r d e r  4-Ax and l e s s .  These  s c a l e s  shou ld  
be e l i m i n a t e d  by f i l t e r i n g .
For t h e  t r a p e z o i d a l  r u l e ,  t h e  i n t e g r a t i o n  e r r o r  ( E j )  i s  g iven  by 
( e . g . ,  Carnahan e t  ^ . , 1969)
( , , ) 3  3 ^ [ p g ( v ? ) g ]
:  '  12 3 ,2
o r
where Az -  i n t e g r a t i o n  h e i g h t  i n t e r v a l  (z^ t o  Zg) ,  C i s  t h e  h e ig h t  a t  
which t h e  e r r o r  maximizes  and z^ < Ç < Zg. In  p r i n c i p l e  i t  i s  n o t  p o s s i b l e  
t o  e v a l u a t e  Eq. (6 )  s i n c e  t h e  f i r s t  and se cond  d e r i v a t i v e s  o f  t h e  d e n s i t y  
and d i v e r g e n c e  w i t h  h e i g h t  a r e  n o t  known. An e s t i m a t e  o f  t h e  magnitude o f  
Eq. (6 )  can be made, however ,  by making a s s u m p t io n s  a b o u t  t h e  n a t u r e  o f  
t h e  d e n s i t y  and d i v e r g e n c e .  For  t h i s  a n a l y s i s ,  we assume t h e  d e n s i t y  
(kg m" ) i s  we l l  r e p r e s e n t e d  by:
Pg = a + b Z + c z^ (7)
and t h e  d i v e r g e n c e  v a r i e s  as  a c o s i n e  wave f u n c t i o n :
V • v = A cos ( p -  z )  (8)
26
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Fig .  9. Three  and f i v e  p o i n t  f i n i t e  d i f f e r e n c e  o p e r a t o r s '  t r u n c a t i o n  
e r r o r s  ( r a t i o  o f  num er ica l  t o  a n a l y t i c a l  d e r i v a t i v e ,  N i s  t h e
r a t i o  o f  t h e  a n a l y t i c a l  s i n e  w a v e ' s  w ave leng th  t o  t h e  d a t a  s pac ing  (Ax),
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The c o n s t a n t s  in  Eq. (7)  were o b t a i n e d  by a polynomial  l e a s t  s q u a r e s  f i t  
t o  a s t a n d a r d  a tm o s p h e r i c  d e n s i t y  (a = 1.1 kg m” ^; b = 0 . 9  10"^ kg m '^  m"^;
c = 0 .2  10“ ® kg m“ ® m“ ^. S u b s t i t u t i n g  Eq. (7)  and (8)  i n t o  Eq. ( 6 ) ,
-2  -1 -3  3 4
assuming A = 10“ s “ , p = ~ 1 kg m" , Az = 10 m, S = 10 m, we o b t a i n
t h e  v e r t i c a l  v e l o c i t y  e r r o r  due t o  Ej a t  each i n t e g r a t i o n  s t e p  t o  be 
% s - ' )  = ^ E , .  0 . 4 .  1 0 - 2 .  (9)
Pn i L
The f i r s t  t e rm  i s  a lways small  and can be n e g l e c t e d .  T a b le  1 shows as  
a f u n c t i o n  o f  L due t o  t h e  l a s t  two t e r m s .  As w i l l  be shown l a t e r ,  
e r r o r s  a s  smal l  a s  1 m s “  ^ a t  e ach  i n t e g r a t i o n  l e v e l  can sum i n t o  f a i r l y  
h igh  e r r o n e o u s  v e r t i c a l  v e l o c i t i e s .  I t  i s ,  t h e r e f o r e ,  b e n e f i c i a l  t o  
f i l t e r  s c a l e s  o f  t h e  o r d e r  4AZ o r  l e s s .  T h i s ,  o f  c o u r s e ,  p l a c e s  a lower 
l i m i t  on t h e  d e t a i l  t h a t  can be r e s o l v e d  by t h e  model .
I I . D . 2 Boundary C o n d i t i o n  E r r o r s  
Using Eq. (5),  t h e  v e r t i c a l  v e l o c i t y  e r r o r  a t  t h e  second  i n t e g r a t i o n
n  D
l e v e l  (cg)  due o n ly  t o  t h e  bounda ry  c o n d i t i o n  e r r o r  (e^ )  i s
and f o r  l e v e l  3
8 B P2 _ B Pi
=3 -  =2 Pg -  =1 P]
o r  g e n e r a l l y
B Pi
F i g u r e  10 shows P-|/Pp ( s t a n d a r d  a tm osphe re )  v e r s u s  h e i g h t  f o r  i n t e g r a t i o n  
from l o w - t o - h i g h  (dashed  l i n e s )  and h i g h - t o - l o w  a l t i t u d e s  ( s o l i d  l i n e s ) .
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Tab le  1.  E r r o r s  i n  computed v e r t i c a l  v e l o c i t y  a t  each i n t e g r a t i o n
s t e p  ( e ^ ,  m s ” ^ ) due t o  t r a p e z o i d a l  r u l e  i n t e g r a t i o n  e r r o r .  
L -  w ave leng th  o f  d i v e r g e n c e  t e rm .
L (m) (m s"^ )
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F i g .  10. R a t i o  o f  s t a n d a r d  a tmosphere  a i r  d e n s i t y  a t  top  o r  bo t tom 
bounda ry  (p-|)  t o  a i r  d e n s i t y  a t  h e i g h t  "n" ( p ^ ) .  Dashed l i n e  c o r r e s p o n d s  
t o  upward i n t e g r a t i o n  (p] a t  0 km). The t h r e e  s o l i d  l i n e s  c o r r e s p o n d  t o  
downward i n t e g r a t i o n  (p-[ = 10, 15,  and 20 km).
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For  example ,  i n t e g r a t i n g  from t h e  s u r f a c e  upward,  a 5 m s"^ boundary  e r r o r  
becomes 7 . 9 ,  1 3 . 8 ,  and 27 .3  m s"^ a t  5 ,  10, and 15 km. Whereas ,  i n t e g r a t i n g  
downward from 15 km t h e  e r r o r s  a r e  2 . 6 ,  1 . 4 ,  and 0 .9  m s"^ a t  10,  5 ,  and 
0 km.
As can  be s e e n ,  f o r  l i k e  boundary  i n a c c u r a c i e s  downward i n t e g r a t i o n  
r e s u l t s  in  s m a l l e r  e r r o r s  t h a n  upward i n t e g r a t i o n .  In f a c t ,  an i n t e r e s t i n g  
r e l a t i o n s h i p  e x i s t s  between t h e  boundary e r r o r s  f o r  t h e  two i n t e g r a t i o n  
d i r e c t i o n s .  When i n t e g r a t i n g  from t h e  s u r f a c e  upward (Z-| = 0 . 0  km) and 
t h e  s to rm  t o p  downward ( Z j  = "T" km), t h e  r e s p e c t i v e  boundary  c o n d i t i o n  




Sy and py a r e  t h e  boundary  c o n d i t i o n  e r r o r  and a i r  d e n s i t y  a t  t h e  s to rm  
R R
t o p .  E q u a t in g  e and we o b t a i n  t h e  e x p r e s s i o n  
" l  "T
4 - 1 ^  (” >
T h a t  i s ,  f o r  t h e  v e r t i c a l  v e l o c i t y  e r r o r s  t o  be equal  a t  each  l e v e l  
i r r e s p e c t i v e  o f  i n t e g r a t i o n  d i r e c t i o n ,  t h e  t o p  boundary  c o n d i t i o n  e r r o r  
must  be l a r g e r  than  t h e  bot tom boundary c o n d i t i o n  e r r o r  by a f a c t o r  o f
P-j/Py. The P- | /Pj  r a t i o  i s  t h e  same as  t h e  da shed  cu rv e  o f  F i g .  10. For
example ,  b e g in n in g  a t  15 km and i n t e g r a t i n g  downward, t h e  t o p  boundary 
c o n d i t i o n  e r r o r  can be 5 .4  t im e s  as  l a r g e  a s  t h e  bot tom boundary  c o n d i t i o n  
e r r o r  and s t i l l  g i v e  t h e  same v e r t i c a l  v e l o c i t y  e r r o r s  a t  a l l  l e v e l s .
S ince  t h e  t o p  boundary  c o n d i t i o n  i s  u s u a l l y  l e s s  we l l  known than  t h e
31
bo t to m ,  t h i s  r e l a t i o n s h i p  i s  an i m p o r t a n t  c o n s i d e r a t i o n  when c hoos ing  the  
i n t e g r a t i o n  d i r e c t i o n .
I I . D . 3 E r r o r s  Due t o  I n t e g r a t e d  Divergence  
The l a s t  e r r o r  s o u rc e  c o n s i d e r e d  i s  t h a t  due t o  t h e  second t e rm  on 
t h e  r i g h t  hand s i d e  o f  Eq. (5 )  ( h e r e a f t e r  r e f e r r e d  t o  as  t h e  " i n t e g r a l "  
t e r m ) .  These  e r r o r s  can come a b o u t  due t o  i n c o r r e c t  d e n s i t y  o r  d i v e r g e n c e  
v a l u e s ,  o r  t o  any o f  t h e  p r e v i o u s l y  d e s c r i b e d  numer ica l  app ro x im a t io n  
e r r o r s .  The e r r o r s  a t  each  i n t e g r a t i o n  s t e p  a r e  a m p l i f i e d  o r  s u p p r e s s e d  
i n  t h e  same way as  t h e  boundary c o n d i t i o n  e r r o r s  d e s c r i b e d  in  I I . D . 2. In 
a manner  s i m i l a r  t o  t h a t  used in  d e r i v i n g  Eq. ( 9 ) ,  t h e  t o t a l  v e r t i c a l  
e r r o r  a t  any l e v e l  "n" (e^)  due t o  t h e  i n t e g r a l  t e rm  i s  g iven  by
T  n  T P y
4 - 1  ■ 02)
^i+1 "
where Z^^-| i s  j u s t  above ( o r  below i f  i n t e g r a t i n g  downwards) t h e  l e v e l  a t  
which  t h e  i n t e g r a t i o n  i s  s t a r t e d ,  e ^ (z )  - t h e  v e r t i c a l  v e l o c i t y  e r r o r  a t  
each  l e v e l  due t o  t h e  i n t e g r a l  te rm o f  Eq. ( 5 ) .  F i g u r e  11 shows 
v e r s u s  h e i g h t  ( s t a n d a r d  a tm o s p h e re ) .  For  example,  assume f o r  s i m p l i c i t y  
t h a t  e^(Z) i s  0 . 5  m s"^ a t  each h e i g h t .  The v e r t i c a l  v e l o c i t y  e r r o r  w i l l  
be a b o u t  20 m s ‘  ^ a t  15 km i n t e g r a t i n g  from t h e  s u r f a c e  upwards.  I n t e ­
g r a t i n g  downwards from 15 km t h e  e r r o r  w i l l  be a b o u t  4 m s“  ^ a t  t h e  
s u r f a c e .  I f  t h e  e^ (z )  a r e  random th en  w i l l  t e n d  toward z e r o ,  b u t  any 
b i a s  e r r o r  w i l l  p roduce  a f i n i t e  e^.
The b i a s  e r r o r  can be c o r r e c t e d  by assuming t h e  boundary c o n d i t i o n
D
e r r o r  i s  small  (c^ **0) and t h e  e r r o r  i n  t h e  i n t e g r a l  term i s  i n d e p e n d e n t  
o f  h e i g h t  [ ( s ^ ( z )  = e ^ ) J .  The r e l a t i o n s h i p  between t h e  computed and 
a c t u a l  v e r t i c a l  v e l o c i t i e s  becomes
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F i g .  11. \  Py/Pn v e r s u s  h e i g h t  f o r  upwards summation (Z.=0 km, 
dashed  l i n e )  and downwards summation (Z^=10, 15, and 20 km, s o l i d  l i n e s ) .
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s u b s t i t u t i n g  from Eq. (12)
Z
“ n '  “ n * \  r
^1+1 "
Assuming i s  z e ro  a t  t h e  e a r t h ' s  s u r f a c e  o r  t h e  s to rm  t o p  (Z^ = Zg) and 
r e a r r a n g i n g  Eq. (13)
I " se '  = ^ - (14)
8 Pz
4 + ]  "8
S u b s t i t u t i n g  Eq. (14)  i n t o  Eq. (13) and s o l v i n g  f o r
“ 8 Ï
"n " ^n "--------------- ----- (15)
I '  f z
^i+ l  Pb
which y i e l d s  an e q u a t i o n  t o  c o r r e c t  w a t  each l e v e l  f o r  b i a s  e r r o r s  i n  t h e  
i n t e g r a l  t e rm  o f  Eq. ( 5 ) .  T h i s  e q u a t io n  i s  s i m i l a r  to  t h e  one d e r i v e d  by 
O 'B r ien  (1970)  in  t h e  x , y , p  c o o r d i n a t e  sys tem .  Note t h a t  t h i s  c o r r e c t i o n  
t e c h n i q u e  assumes you have two boundary c o n d i t i o n s  bu t  i t  does  no t  r e q u i r e  
d a t a  e x i s t  th ro u g h  t h e  e n t i r e  s torm d e p t h .
I I . E  V e r t i c a l  V e l o c i t y  S o l u t i o n  Techniques  
A n a l y s i s  in  s e c t i o n s  I I . D . 2 and I I . 0 .3  s p e c i f i e d  e r r o r s  i n v o lve d  in  
s o l v i n g  Eq. (5)  f o r  v e r t i c a l  v e l o c i t y .  The r e l a t i o n s h i p  between computed
and a c t u a l  v e r t i c a l  v e l o c i t i e s  a t  any l e v e l  "n" i s  g iven  by
"S '  ” n * S  ^ S
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The a n a l y s t ' s  t a s k  i s  t o  r e t r i e v e  e i t h e r  by m in im iz ing  o r  c o r r e c t i n g
D  T
f o r  and e^.  E qua t ion  (5)  can  be s o lv e d  by i n t e g r a t i n g  e i t h e r  upward o r  
downward. Each s o l u t i o n  has i t s  own un ique  a d v a n ta g e s  and d i s a d v a n t a g e s .  
There  i s  no u n i v e r s a l l y  " b e s t "  method.  The p r o p e r  app roach  depends on t h e  
n a t u r e  o f  t h e  d a t a  and where t h e  most  a c c u r a t e  v e r t i c a l  v e l o c i t i e s  a r e  
d e s i r e d .
B e fo re  p r o c e e d in g  f u r t h e r ,  a d e s c r i p t i o n  shou ld  be g iven  o f  t h e  
d a t a  c h a r a c t e r i s t i c s  l i k e l y  t o  be e n c o u n te r e d .  The f o l l o w i n g  comments 
dea l  s p e c i f i c a l l y  w i t h  u p d r a f t s ,  b u t  s i m i l a r  arguments  can be used f o r  
d o w n d r a f t s .  F igu re  12 shows i d e a l i z e d  s t r u c t u r e s  o f  an i n t e n s e  u p d r a f t ,  
i t s  a s s o c i a t e d  d i v e r g e n c e  f i e l d ,  and t h e  env ironm en ta l  a i r  d e n s i t y .  P a s t  
work i n d i c a t e s  u p d r a f t s  a r e  c h a r a c t e r i z e d  by a s h a l lo w  convergence  a r e a  
capped by s t r o n g  d i v e r g e n c e  a l o f t  ( e . g . ,  Brandes,  1977;  Heym sf ie ld ,  1978;  
H a r r i s  e t  , 1978; Wood e t  , 1979) .  F igu re  12 a l s o  g r a p h i c a l l y  
i l l u s t r a t e s  why e r r o r s  grow when i n t e g r a t i n g  Eq. (5)  upward and a r e  
s u p p r e s s e d  when i n t e g r a t i n g  downward. A small  f a l s e  u p d r a f t  induced  a t  
low l e v e l s  must i n c r e a s e  c o n t i n u o u s l y  w i th  h e i g h t  because  o f  t h e  c o n s t r a i n t  
o f  mass c o n s e r v a t i o n .  Thi s  e r r o n e o u s  u p d r a f t  w i l l  no t  d e c r e a s e  b ecause  
t h e r e  i s  no compensa t ing  d i v e r g e n c e  a l o f t .  The o p p o s i t e  i s  t r u e  i f  
Eq. (5 )  i s  s o lve d  by i n t e g r a t i n g  downward. Even a l a r g e  i n c o r r e c t  u p d r a f t  
a l o f t  w i l l  become f a i r l y  small  a t  t h e  lower l e v e l s .  T h i s  p o i n t  i s  
d e m o n s t r a t e d  w i th  examples  in  I I . F .
I I . E . l  Upward I n t e g r a t i o n :  Advantages and D isadvan tages
B ID e s p i t e  t h e  a m p l i f i c a t i o n  o f  e and e w i t h  h e i g h t ,  s o l v i n g  Eq. (5)  
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F i g .  12.  I d e a l i z e d  v e r t i c a l  s t r u c t u r e  o f  an i n t e n s e  u p d r a f t ,  i t s  a s s o c i a t e d  
d i v e r g e n c e  f i e l d ,  and  t h e  e n v i r o n m e n t a l  a i r  d e n s i t y  ( p ^ ) .
t h e  s t o r m ' s  l o w e s t  l e v e l s .  The main advan tage  i s  t h a t  w i th  f l a t  t e r r a i n  
t h e  boundary  c o n d i t i o n  sh o u ld  be f a i r l y  a c c u r a t e .  F igu re  13 shows two 
p o s s i b l e  s o u rc e s  o f  e r r o r .  The a n a l y s i s  g r i d ' s  lower  boundary i s  p o s i ­
t i o n e d  a t  some i n t e r m e d i a t e  l e v e l  between t h e  h i g h e s t  and low es t  t e r r a i n  
f e a t u r e s ;  t h e r e f o r e ,  b a r r i e r s  such as  small  h i l l s  can cause  nonzero  
v e r t i c a l  v e l o c i t i e s  a t  "z  = 0 . "  For t h e  a r e a  o f  t h i s  s t u d y  th e  l a r g e s t  
e l e v a t i o n  change i s  abou t  300 m in  a l t i t u d e  ove r  10 km in  h o r i z o n t a l  
r a n g e .  Assuming a 10 m s ' ^  h o r i z o n t a l  wind,  t h i s  g ives  r i s e  t o  a v e r t i c a l  
v e l o c i t y  o f  l e s s  th an  0 .5  m s “  ^ which w i l l  no t  c a u se  s i g n i f i c a n t  p rob lem s.  
V e r t i c a l  v e l o c i t i e s  a t  z = 0 can a l s o  a p p e a r  because  o f  convergence  below
t h e  a n a l y s i s  p l a n e  ( s e e  c e n t e r  o f  F ig .  13 ) .  S t ro n g  s u r f a c e  conve rgence
- 2  -1can be o f  t h e  o r d e r  10" s" . Assuming t h i s  o p e r a t e s  over  a 100 m dep th  
below z = 0 y i e l d s  a boundary  v e r t i c a l  v e l o c i t y  o f  a bou t  1 m s" which 
cou ld  c a u se  m odera te  e r r o r s  a t  ve ry  high  l e v e l s .
p r e s e n t s  a more s e r i o u s  problem f o r  upward i n t e g r a t i o n .
F ig u re  11 i l l u s t r a t e s  t h e  s u b s t a n t i a l  growth o f  t h e  e r r o r s .  I n t e g r a t i n g  
upward,  v a l u e s  exceed  t h o s e  o b t a i n e d  by i n t e g r a t i n g  downward above 
a b o u t  5 km. In f a c t ,  t h e  a c t u a l  e r r o r s  may be g r e a t e r  th an  t h o s e  shown 
s i n c e  t h e  c u rv e s  i n  F ig .  11 assume t h e  e r r o r s  in  t h e  i n t e g r a l  term o f  
Eq. (5)  t o  be t h e  same a t  each  l e v e l .  This  i s  p ro b a b ly  a good approx im a­
t i o n  e x c e p t  f o r  t h e  l o w e s t  l e v e l .  Unless  t h e  r a d a r  i s  ve ry  c l o s e  t o  t h e  
s to r m ,  t h e r e  w i l l  be no d a t a  a t  z = 0. This  r e q u i r e s  t h e  a n a l y s t  to  
e s t i m a t e  t h e  d i v e r g e n c e ;  h e nc e ,  t h e  l a r g e s t  e r r o r  w i l l  p robab ly  be a t  t h i s  
l e v e l .  These e r r o r s  w i l l ,  o f  c o u r s e ,  s u f f e r  t h e  g r e a t e s t  a m p l i f i c a t i o n .
A f i n a l  d i s a d v a n t a g e  i s  t h a t  i t  i s  n o t  p o s s i b l e  t o  compute v e r t i c a l  
v e l o c i t i e s  in  overhang  r e g i o n s  which a r e  o f t e n  e x t e n s i v e  and m e t e o r o l o g i c a l l y
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10 m s'
7 "  ^  /  / '
— Z = 0
F ig .  13. Diagram showing p o s s i b l e  e r r o r  s o u rc e s  in  assuming t h e  u p d r a f t  
i s  z e ro  a t  t h e  " e a r t h ' s  s u r f a c e " .  Dashed h o r i z o n t a l  l i n e  i s  "Z=0" as  
d e f i n e d  f o r  t h e  Dopp le r  a n a l y s i s .  The c r o s s - h a t c h e d  t r i a n g l e s  r e p r e s e n t  
t e r r a i n  f e a t u r e s .
See t e x t  f o r  f u r t h e r  e x p l a n a t i o n .
The Wq ' s  r e p r e s e n t  non -ze ro  v e r t i c a l  v e l o c i t i e s  a t  Z=0.
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i m p o r t a n t  ( F i g .  14) .  A s o l u t i o n  can be o b t a i n e d  i f  a boundary v a lu e  i s  
s p e c i f i e d  a t  t h e  bot tom o f  t h e  ove rhang ,  bu t  t h i s  i s  dangerous  s i n c e  t h e s e  
a r e a s  o f t e n  p o s s e s s  high v e r t i c a l  v e l o c i t i e s  and any e r r o r s  w i l l  be 
a m p l i f i e d .
I I . E . 2 Downward I n t e g r a t i o n :  Advantages and D isa dvan ta ges
Downward i n t e g r a t i o n  p o t e n t i a l l y  y i e l d s  i t s  b e s t  r e s u l t s  a t  mid and
B Ih igh  l e v e l s .  The main a d v a n ta g e s  a r e  e i s  s u p p r e s s e d ,  e m in im ized ,  and
s o l u t i o n s  a r e  p o s s i b l e  i n  o v e r h a n g s .
The most  s e r i o u s  problem w i t h  downward i n t e g r a t i o n  l i e s  in  
e s t a b l i s h i n g  t h e  top  boundary c o n d i t i o n .  I f  d a t a  e x i s t s  th rough  t h e  s torm 
t o p ,  assuming a ze ro  v e r t i c a l  v e l o c i t y  i s  p r o b a b l y  a good a p p ro x im a t io n .
In c a s e s  where t h e  h i g h e s t  d a t a  l e v e l  -is below t h e  s to rm  t o p ,  however , 
some o t h e r  i n i t i a l i z a t i o n  method must  be found.  D esc r ibed  below a r e  t h r e e  
t e c h n i q u e s  which can be used i n d e p e n d e n t l y  o r  c o l l e c t i v e l y  t o  o b t a i n  t h i s  
boundary  c o n d i t i o n .
1 .  The most o b j e c t i v e  and e a s i e s t  p r o c e d u r e  i s  to  use  w = w-Vy as 
d e s c r i b e d  in  s e c t i o n  I I . D .  Thi s  method i s  o n ly  v a l i d ,  though ,  
when a l l  t h r e e  r a d a r s  have a high  v iew in g  a n g l e .
2 .  I f  d a t a  e x i s t s  e i t h e r  b e f o r e  a n d / o r  a f t e r  t h e  t im e  o f  i n t e r e s t ,  
t h e n  th o s e  d e r i v e d  v e r t i c a l  v e l o c i t i e s  can be used to  begin t h e  
i n t e g r a t i o n .  Thi s  assumes t h e  method used  t o  o b t a i n  t h e  " o f f -  
t im e"  boundary v e r t i c a l  v e l o c i t i e s  i s  s u p e r i o r  t o  t h e  one 
a v a i l a b l e  f o r  t h e  d a t a  o f  i n t e r e s t .
3 .  The l o c a t i o n  o f  each  s t r o n g  v e r t i c a l  d r a f t  i s  e s t a b l i s h e d  by 
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F i g .  14.  V e r t i c a l  c r o s s - s e c t i o n  o f  s t o r m  r e f l e c t i v i t y  f i e l d  c o n t o u r e d  a t  
5 dBZ i n t e r v a l s .  N o te  t h e  l a r g e  o v e rh a n g  be tw een  h o r i z o n t a l  d i s t a n c e s  
15 and  35 km.
( u s u a l l y  0 . 0  m s " ^ ) .  S ince  t h e  e f f e c t s  o f  t h e  a r b i t r a r y  boundary 
v a l u e s  l e s s e n  w i t h  d e c r e a s i n g  h e i g h t ,  t h e  a n a l y s t  can o b t a i n  a 
good i d e a  o f  t h e  u p d r a f t ' s  h o r i z o n t a l  e x t e n t  a t  t h e  lower  l e v e l s .  
Th is  view o f  t h e  u p d r a f t ' s  d imens ions  can t h e n  be e x t r a p o l a t e d  
t o  t h e  top  d a t a  l e v e l .  An e l l i p s e  i s  then  f i t t e d  t o  each s t r o n g  
u p d r a f t  c o re  a t  t h e  t o p  d a t a  l e v e l .  The u p d r a f t  i s  assumed to  
v a r y  from a maximum i n  t h e  c e n t e r  o f  each e l l i p s e  t o  0 . 0  m s"^ 
a t  and beyond a d i s t a n c e  from t h e  c e l l ' s  c e n t e r s  de te rm ine d  from 
t h e  e x t r a p o l a t i o n .  The maximum v a lu e  in  t h e  c e n t e r  i s  de te rm ined  
u s i n g  a numer ica l  model in  c o n j u n c t i o n  w i t h  an env ironm enta l  
s o u n d in g .  As a lw a y s ,  c a r e  sh o u ld  be t ak e n  in  a p p ly i n g  o r  
comparing a numer ica l  model w i t h  an a c t u a l  a tm o s p h e r i c  s i t u a t i o n .
4 .  This  i s  t h e  same as t e c h n i q u e  (3)  e x c e p t  t h a t  a d i f f e r e n t  method 
i s  used to  e s t a b l i s h  t h e  maximum u p d r a f t  v a l u e .  In t h i s  ca se  
one a n a l y z e s  t h e  d a t a  u s in g  s e v e r a l  d i f f e r e n t  boundary v a l u e s .
The u p d r a f t  p r o f i l e  a t  t h e  t o p  i s  then  e x t r a p o l a t e d  back to
0 . 0  m s " ^ . The chosen p r o f i l e  i s  t h e  one t h a t  g iv e s  a 0 . 0  m s"^ 
u p d r a f t  a t  t h e  o b s e rv e d  s to rm top  i f  i t  i s  known from a n o th e r  
s o u r c e .
All o f  t h e  above methods can y i e l d  boundary  v a lu e s  t h a t  a r e  i n  e r r o r  by a 
few o r  even a few t e n s  o f  m e te r s  pe r  s e cond .  As shown i n  F ig .  10,  however,  
t h e  e f f e c t s  o f  any e r r o r  d e c r e a s e s  w i th  d e c r e a s i n g  h e i g h t .  The e x a c t  
boundary  v a lu e  i s  e s p e c i a l l y  n o t  c r i t i c a l  i f  d a t a  e x t e n d  above t h e  l e v e l  
o f  maximum d i v e r g e n c e .  For example,  assume d a t a  a r e  a v a i l a b l e  o n ly  up to  
17 km in  F i g .  12.  S in c e  t h e  d i v e r g e n c e  v a lu e s  a r e  so s t r o n g  a t  and below 
t h i s  l e v e l  t h e  i n t e g r a l  t e rm  in  Eq. (5)  w i l l  domina te  o v e r  t h e  boundary 
v a l u e .  A f t e r  a few i n t e g r a t i o n  s t e p s ,  t h e  c o n t r i b u t i o n  to  t h e  u p d r a f t  o f
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t h e  boundary va lu e  w i l l  be so small  t h a t  even l a r g e  e r r o r s  w i l l  be 
i n s i g n i f i c a n t .  This  w i l l  be d e m o n s t r a t e d  in  t h e  ne x t  s e c t i o n .
I I . F  S o l u t i o n  Examples
The programming sys tem t h a t  produces t h e  t r i p l e  Doppler  d e r i v e d  
wind f i e l d s  i s  d e s c r i b e d  i n  Appendix A. I n p u t s  t o  t h e  t r i p l e  Dopple r  
s y n t h e s i s  program a r e  t h e  e d i t e d  r a d i a l  v e l o c i t y  d a ta  from t h r e e  r a d a r s .  
Thi s  d a t a  has a l r e a d y  been o b j e c t i v e l y  a na lyz e d  t o  a common c a r t e s i a n  
g r i d .  The o u t p u t  i s  a d a t a  t a p e  t h a t  c o n t a i n s  t h e  u ,v ,w  and w f i e l d s  on 
t h e  same g r i d .  Thi s  d a t a  can be d i s p l a y e d  in  any one o f  s e v e r a l  ways.  
R e f l e c t i v i t y  f i e l d s  from one o r  a l l  t h r e e  o f  t h e  r a d a r s  can a l s o  be 
a n a ly z e d  by programs in  t h e  a n a l y s i s  sys te m , bu t  o u t s i d e  t h e  t r i p l e  
Doppler  s y n t h e s i s  l o o p .  The r e a d e r  i s  r e f e r r e d  t o  Appendix A f o r  a d d i ­
t i o n a l  d e t a i l s  on g r i d  c o n s t r u c t i o n ,  d a t a  h a n d l i n g  and d i s p l a y .
I I . P . 1 S im u la te d  Data^
When us ing  a complex programming sys tem i t  i s  b e n e f i c i a l  t o  perform 
t e s t s  u s in g  as  in p u t  s im u l a t e d  r a d i a l  v e l o c i t y  d a t a  computed from known 
a n a l y t i c a l  f u n c t i o n s .  Thi s  p r o c e s s  i s  u s e fu l  n o t  o n ly  t o  ga in  c o n f i d e n c e  
in  t h e  s y s te m ,  but  a l s o  t o  i s o l a t e  and s tu d y  v a r i o u s  e r r o r  s o u r c e s .  A 
m yr iad  o f  t e s t s  can be p e r fo rm e d ,  b u t  f o r  t h i s  work we w i l l  examine o n ly  
f o u r  a s p e c t s  o f  t h e  Doppler  s y n t h e s i s ;
1.  T e s t  c o r r e c t n e s s  o f  b a s i c  program.
2 .  T e s t  magni tude o f  e r r o r s  due to  f l a t  p l an e  assum pt io n .
3.  Show e f f e c t s  o f  e r r o n e o u s  boundary c o n d i t i o n .
2
S im u la te d  d a t a  were c o n s t r u c t e d  by Rodger Brown o f  NSSL f o r  t e s t i n g  o f  a 
dual  Doppler  program. The a u t h o r  used th e  same t e s t  d a t a  f o r  v e r i f i c a t i o n .
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4 .  Show e r r o r s  in  computed v e r t i c a l  v e l o c i t y  due to  l o c a l i z e d  
e r r o r s  i n  t h e  d a t a .
The r a d a r  c o n f i g u r a t i o n  used f o r  t h e  t e s t s  i s  shown in  F ig .  15.
Thi s  was chosen  p r i m a r i l y  because  o f  i t s  s i m i l i a r i t y  to  t h e  t h r e e  Doppler  
network  used in  t h i s  s t u d y .  The a n a l y s i s  g r i d  i s  i n d i c a t e d  i n  t h e  u p p e r  
l e f t  hand c o r n e r  o f  F ig .  15.  The g r i d  c o n t a i n s  61 x 61 p o i n t s  i n  t h e  
h o r i z o n t a l  and 18 g r i d  p o i n t s  i n  t h e  v e r t i c a l .  The g r i d  s p a c in g  i s  1 km 
in  a l l  t h r e e  d i r e c t i o n s .  For each r a d a r  t h e  a p p r o p r i a t e  r a d i a l  wind 
components have been computed d i r e c t l y  a t  t h e  g r i d  p o i n t s .  Thi s  b y p a s se s  
t h e  n e c e s s i t y  o f  i n t e r p o l a t i n g  th e  d a t a ;  hence ,  any e r r o r s  a s s o c i a t e d  w i th  
t h i s  p r o c e s s  a r e  a v o id e d .  In a d d i t i o n ,  s i n c e  we a r e  i n t e r e s t e d  i n  s e e i n g  
t h e  e f f e c t s  o f  t h e  c u m u la t iv e  e r r o r s ,  t h e  c o r r e c t i o n  d e s c r i b e d  by Eq. (15)  
i s  n o t  employed in  t h e  s o l u t i o n s  u n l e s s  e x p l i c i t l y  s t a t e d .
The s i m u l a t e d  h o r i z o n t a l  wind f i e l d  i s  f rom 180° a t  5 m s  ^ a t  t h e  
s u r f a c e  ( 0 . 0  km, AGL). I t  i s  c o n s t a n t  in  t h e  h o r i z o n t a l ,  bu t  ve e r s  w i t h  
h e i g h t  a t  t h e  r a t e  o f  10° km"^ and i n c r e a s e s  i n  magnitude by 5 m s"^ k m ~ \  
The v e r t i c a l  v e l o c i t y  i s  ze ro  everywhere .  S i n c e  t h e r e  a r e  no h o r i z o n t a l  
g r a d i e n t s  and v e r t i c a l  g r a d i e n t s  a r e  l i n e a r ,  t h e  d e r i v a t i v e  and i n t e g r a l  
numer ica l  a p p ro x im a t io n s  a r e  e x a c t .  This f i e l d  i s  used f o r  t e s t s  1 
t h r o u g h  3. For  t e s t  4 ,  l o c a l i z e d  e r roneous  d a t a  i s  supe rimposed on t h i s  
b a s i c  f i e l d .  Thi s  m o d i f i c a t i o n  w i l l  be d i s c u s s e d  l a t e r .
T e s t s  1 and 2 a r e  c o n s id e r e d  t o g e t h e r .  As e x p la i n e d  i n  Appendix A 
t h e  a n a l y s i s  g r i d  i s  e s t a b l i s h e d  us in g  th e  a c t u a l  d i s t a n c e s  a long  t h e  
e a r t h ' s  cu rved  s u r f a c e .  For  s i m p l i c i t y ,  we assume the  e a r t h  i s  a f l a t  
p l an e  which c a use s  s l i g h t l y  e r ro n e o u s  r e l a t i o n s h i p s  between t h e  d a t a  and 




RADAR 1 RADAR 2
F ig .  15. Radar  and a n a l y s i s  g r i d  c o n f i g u r a t i o n  f o r  s i m u l a t e d  d a t a  t e s t s .  
A n a l y s i s  g r i d  domain i s  bounded by heavy b l a c k  l i n e s  w i th  t i c k  marks a t  
10 km i n t e r v a l s .  Example o f  1 km g r i d  sp a c in g  i s  shown in  t h e  u ppe r  l e f t  
hand c o r n e r .
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e r r o r s  a r e  s m a l l .  T a b le  2 shows t h e  e x a c t  and computed u,  v ,  and w v a lu e s  
(computed w i s  f rom upward I n t e g r a t i o n ) .  The v e l o c i t y  means and s t a n d a r d  
d e v i a t i o n s  a r e  computed ove r  each h o r i z o n t a l  p l a n e .  The Doppler  s y n t h e s i s  
f a i t h f u l l y  r e p r o d u c e s  t h e  v e l o c i t i e s ,  u s u a l l y  w i t h i n  a t e n t h  o f  a m s ’ \
The s i m u l a t e d  d a t a  can a l s o  be used t o  d e m o n s t r a t e  t h e  e f f e c t  o f  an 
i n c o r r e c t  boundary  c o n d i t i o n .  Tab le  3 shows th e  v e r t i c a l  v e l o c i t i e s  
computed from t h e  s i m u l a t e d  d a t a  u s in g  an i n c o r r e c t  5 m s ' ^  boundary 
c o n d i t i o n .  As i s  e x p e c t e d ,  t h e  e r r o r  i s  minimized when i n t e g r a t i n g  
downwards.
T e s t  4 i s  used t o  show t h e  e f f e c t  o f  a l o c a l i z e d  e r r o r .  In t h i s  
p a r t i c u l a r  c a s e  we s i m u l a t e  t h e  consequence o f  a bad p o i n t  i n  t h e  r a d i a l  
v e l o c i t y  o f  r a d a r  3. The v e l o c i t y  i s  assumed to  be i n  e r r o r  by +5 m s"^ 
a t  t h e  c e n t e r  g r i d  p o i n t  o f  t h e  f i r s t  i n t e g r a t i o n  l e v e l .  To s i m u l a t e  t h e  
e f f e c t  o f  t h e  o b j e c t i v e  a n a l y s i s ,  t h e  e r r o r  v a r i e s  l i n e a r l y  from 5 m s~^ 
t o  0 . 0  m s"^ a t  a d i s t a n c e  2 km from t h e  c e n t e r  p o i n t .  The same ho lds  
t r u e  f o r  t h e  second  i n t e g r a t i o n  l e v e l  e x c e p t  the  peak e r r o r  magni tude  i s  
+3 m s ” ^ . No r a d i a l  v e l o c i t y  e r r o r  i s  p r e s e n t  beyond th e  second  i n t e g r a ­
t i o n  l e v e l .  F i g u r e  16 shows t h e  peak u p d r a f t  m agni tude  a t  each l e v e l  
i n t e g r a t i n g  upward ( e r r o r s  in  bot tom two l e v e l s )  and downward ( e r r o r s  in  
t o p  two l e v e l s ) .  Note t h a t  a s u b s t a n t i a l  b u t  f a l s e  u p d r a f t  can be produced  
when i n t e g r a t i n g  upward.
Even though  we a r e  s i m u l a t i n g  a bad r a d i a l  v e l o c i t y  p o i n t ,  t h i s  
t y p e  o f  e r r o r  can a r i s e  i n  o t h e r  ways. For  example,  l o c a l  small  s c a l e  
t u r b u l e n c e  can c a u se  t h e  numer ica l  d e r i v a t i v e  a n d / o r  i n t e g r a l  approxima­
t i o n s  t o  be in  e r r o r  c a u s i n g  e r r o r s  t h a t  a m p l i f y .  F i l t e r i n g  can he lp  
a l l e v i a t e  t h i s  p rob lem .  The i n t e r p o l a t i o n  t e c h n i q u e  f i l t e r s  t h e  d a ta
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Ta b le  2. Comparison o f  e x a c t  u ,  v ,  and w wind components a t  g r i d  
p o i n t s  d e r i v e d  from a n a l y t i c a l  f u n c t i o n s  and Dopple r  
s y n t h e s i s  v a l u e s  computed from r a d i a l  v e l o c i t i e s .  The 
g iv en  Doppler  v a lu e s  a r e  means ( s t a n d a r d  d e v i a t i o n s )  ove r  
60 X 60 km g r i d  (1 km g r i d  s p a c i n g ) .
H e igh t (m s - ' ) (m s - ' ) ( m s ” ' )
(km,AGL) Exact Computed Exact Computed Exact Computed
17 .4 9 .6 9 . 7 ( 0 . 1 4 ) - 9 1 . 5 - 9 1 . 6 ( 0 . 0 4 ) 0 . 0 0 . 0 ( 0 . 0 0 )
14 .4 4 5 .3 4 5 . 2 ( 0 . 1 3 ) - 6 2 . 3 - 6 2 . 3 ( 0 . 0 3 ) 0 .0 - 0 . 0 ( 0 . 0 1 )
10 .4 55 .3 5 5 . 2 ( 0 . 1 1 ) - 1 3 . 8 - 1 3 . 7 ( 0 . 0 2 ) 0 . 0 - 0 . 0 ( 0 . 0 1 )
6 .4 33 .3 3 3 . 1 ( 0 . 0 8 ) 16 .2 1 6 . 3 ( 0 . 0 2 ) 0 .0 - 0 . 0 ( 0 . 0 1 )
2 . 4 6 .9 6 . 9 ( 0 . 0 5 ) 15.5 1 5 . 5 ( 0 . 0 2 ) 0 .0 - 0 . 0 ( 0 . 0 1 )
0 .4 0.5 0 . 5 ( 0 . 0 3 ) 7 .0 7 . 0 ( 0 . 0 2 ) 0 .0 0 . 0 ( 0 . 0 2 )
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Table  3. Computed v e r t i c a l  v e l o c i t i e s  a t  d i f f e r e n t  h e ig h t s  i n t e g r a t i n g  
from t h e  bot tom up ( / t )  and from t h e  t o p  down ( / f ) .  I n p u t  
i s  a n a l y t i c a l  r a d i a l  v e l o c i t i e s .  The c o r r e c t  v e r t i c a l  v e l o c i t y  
i s  z e ro  everywhere .  Shown a r e  t r i p l e - D o p p l e r  s y n t h e s i s ,  means 
( s t a n d a r d  d e v i a t i o n s ) ,  u s i n g  i n c o r r e c t  ( 5 . 0  m s ' ^ )  boundary 
c o n d i t i o n s .  Values  a r e  a ve ra ge s  ove r  each h o r i z o n t a l  l e v e l .
H e igh t  (km,AGL) / I f t
17 .4 3 8 . 0 ( 0 .1 3 ) 5 .0 ( 0 . 0 0 )
14 .4 2 5 . 1 ( 0 . 0 8 ) 3 . 0 ( 0 . 0 1 )
10 .4 1 4 . 6 ( 0 .0 5 ) 1 . 6 ( 0 . 0 1 )
6 .4 9 .1 ( 0 . 0 3 ) 1 . 0 ( 0 . 0 1 )
2 .4 6 . 1 ( 0 . 0 1 ) 0 . 6 ( 0 . 0 1 )
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F ig .  16. F a l s e  u p d r a f t s  caused  by l o c a l i z e d  e r r o r s  i n  r a d i a l  v e l o c i t y  
f i e l d .  The a r row heads  i n d i c a t e  t h e  d i r e c t i o n  o f  i n t e g r a t i o n .
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somewhat.  S i n c e ,  however ,  t h e  r e l a t i o n s h i p  between the  d a t a  and t h e  g r i d  
v a r i e s ,  t h e  e x a c t  n a t u r e  o f  t h e  f i l t e r i n g  i s  d i f f i c u l t  t o  p r e d i c t .  I t  was 
found to  be c o n v e n ie n t  t o  a p p l y  a s e p a r a t e  t h r e e  dimens iona l  Shuman f i l t e r  
( s e e  Appendix B).
I I . F . 2 Actual  Data 
The d a t a  chosen i s  f rom a s u p e r c e l l  t y p e  s torm (M arw i tz ,  1972; 
Browning,  1977) t h a t  o c c u r r e d  on 29 May 1976 in  c e n t r a l  Oklahoma. I t  
p roduced a funnel  c lo ud  and 4 -5  cm h a i l .  The NSSL Norman and Cimarron 
Dopple r  r a d a r s  a long  w i th  t h e  CHILL r a d a r  were used as d a t a  s o u r c e s .  A 
d e s c r i p t i o n  o f  t h e  p a r t i c u l a r s  o f  t h e  s to rm  day and the  c h a r a c t e r i s t i c s  o f  
t h e  NSSL Dopplers  can be found  in  Chapter  IV. Due to  t h e  v a g a r i e s  o f  d a t a  
c o l l e c t i o n ,  the  l o w e s t  d a t a  l e v e l  i s  a t  1 . 0  km and h i g h e s t  a t  11 km even 
though t h e  s torm e x tended  t o  a bou t  14-15 km as  r e v e a l e d  by NSSL's WSR-57 
r a d a r .  I t  i s  i n s t r u c t u v e  t o  use a c a s e  w i th  some m is s ing  d a t a  s i n c e ,  
w h i l e  t h i s  i s  no t  t h e  norm, i t  i s  no t  an uncommon o c c u r r e n c e .  Such a d a t a  
s e t  p o i n t s  o u t  t h e  s t r e n g t h s  and weaknesses  o f  t h e  d i f f e r e n t  a n a l y s i s  
t e c h n i q u e s .  For i l l u s t r a t i v e  p u r p o s e s ,  we w i l l  c o n s id e r  t h e  v e r t i c a l  
p r o f i l e  o f  one u p d r a f t  c o r e .  At t h e  a n a l y s i s  t ime (2032 CST) t h i s  c o r e  i s  
a s s o c i a t e d  w i th  a c e l l  t h a t  p o s s e s s e s  a hook echo and i s  p roduc ing  l a r g e  
h a i l .
The r e s u l t s  o f  t h e  c a l c u l a t i o n s  a r e  shown in  Fig.  17 f o r  i n t e g r a t i n g
upward (A) and downward ( B ) .  In both  c a s e s ,  t h e  da ta  a r e  u n f i l t e r e d ,
-1u n c o r r e c t e d  by Eq. ( 1 5 ) ,  and t h e  boundary c o n d i t i o n s  a r e  0 . 0  m s ” a t  0 
and 11 km, r e s p e c t i v e l y .  Note t h a t  even though  curve B ' s  m agni tude  i s  
p ro b ab ly  n o t  c o r r e c t  due t o  t h e  a r b i t r a r y  boundary c o n d i t i o n ,  i t s  shape  i s  
more r e a l i s t i c  than  cu rv e  A ' s  which a p p e a r s  t o  be i n c r e a s i n g  w i t h o u t
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F i g .  17. V e r t i c a l  p r o f i l e s  o f  an u p d r a f t  c o r e  s y n t h e s i z e d  from t r i p l e -  
Doppler  d a t a .  L ine  A shows r e s u l t s  f rom i n t e g r a t i n g  upward and l i n e  B f o r  
downward i n t e g r a t i o n .  The pr imed c u r v e s  a r e  t h e  same a s  the  unprimed 
e x c e p t  t h e  h o r i z o n t a l  v e l o c i t i e s  were f i l t e r e d  b e f o r e  s o lv i n g  f o r  w.
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bound. One pass  w i th  t h e  t h r e e  d im ens iona l  f i l t e r  d e c r e a s e s  t h e  magnitude 
o f  bo th  c u r v e s ,  bu t  does n o t  change t h e i r  shape  ( A ' , B ‘ ) .
Undoub ted ly ,  some o f  t h e  e r r o r  mechanisms d e s c r i b e d  i n  t h e  p rev io u s  
s e c t i o n s  a r e  a c t i v e  i n  t h e s e  d a t a .  The downward i n t e g r a t i o n  ( cu rv e  B) 
p r o v i d e s  a b e t t e r  f i r s t  guess  t o  use  f o r  c o r r e c t i o n  t o  a f i n a l  form.
The a d j u s t m e n t  d e s c r i b e d  by Eq. (15)  can be a p p l i e d  e a s i l y .  The computed 
v e r t i c a l  v e l o c i t y  a t  0 . 0  km [Wg i n  Eq. ( 1 5 ) ]  i s  d e r i v e d  u s i n g  t h e  same 
d i v e r g e n c e  a t  t h e  s u r f a c e  as  t h a t  o f  t h e  l a s t  d a t a  l e v e l  ( 1 . 0  km in  t h i s  
c a s e ) .  Even i f  t h i s  v a l u e  i s  s i g n i f i c a n t l y  i n  e r r o r ,  i t  w i l l  c ause  on ly  a 
smal l  e r r o r  in  t h e  a b s o l u t e  v a lu e  o f  Wg.
The main o b s t a c l e  t o  o b t a i n i n g  a f i n a l  c o r r e c t e d  u p d r a f t  p r o f i l e  i s  
e s t a b l i s h i n g  t h e  upper  boundary  c o n d i t i o n .  F o r t u n a t e l y ,  t h e  d a t a  ex tend  
above t h e  l e v e l  o f  maximum d i v e r g e n c e .  The c h o ic e  o f  upper  boundary 
c o n d i t i o n  i s ,  t h e r e f o r e ,  n o t  as  c r i t i c a l  as  i t  o t h e r w i s e  would be.
F ig u re  18 shows th e  same u p d r a f t  as  c u rv e  B o f  F i g .  17 w i th  v a r i o u s  
boundary  c o n d i t i o n s  and i n c o r p o r a t i n g  Eq. ( 1 5 ) .  I t  i s  g r a t i f y i n g  t o  s ee  
t h a t  even s u b s t a n t i a l  d i f f e r e n c e s  i n  t h e  boundary v a lu e s  r e s u l t  in  on ly  
small  u p d r a f t  d i f f e r e n c e s  a t  and below 7 km. Th i s  i s  e s p e c i a l l y  f o r t u n a t e  
f o r  t h i s  s t u d y  s i n c e  most  h a i l  growth o c c u r s  n e a r  t h i s  l e v e l .
The a c t u a l  d a t a  used  h e re  p a r t i c u l a r l y  d e m o n s t r a t e  t h e  advan tages  
o f  downward i n t e g r a t i o n .  Data i s  m i s s i n g  i n  bo th  t h e  l o w e s t  and h i g h e s t  
l e v e l s .  Using downward i n t e g r a t i o n  t h e  o n l y  e f f e c t  o f  t h e  m i s s in g  low 
l e v e l  d i v e r g e n c e  i s  t o  c a u s e  a s l i g h t  e r r o r  i n  t h e  computed v e r t i c a l  
v e l o c i t y  a t  t h e  s u r f a c e .  Th is  smal l  e r r o r  w i l l  t h e n  be s p r e a d  th ro u g h o u t  
t h e  v e r t i c a l  dep th  v i a  t h e  d e n s i t y  w e i g h t i n g  d e s c r i b e d  in  Eq. ( 1 5 ) .  For 
upward i n t e g r a t i o n ,  however ,  any l a r g e  e r r o r  in  t h e  low l e v e l  d i v e r g e n c e  
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F ig .  18. U p d r a f t  c o r e  o f  F ig .  17 ( c u r v e  B) w i t h  t h r e e  d i f f e r e n t  top  
boundary  c o n d i t i o n s .  The p r o f i l e s  have a l s o  been a d j u s t e d  u s ing  t h e  
c o n s t r a i n t  w=0 a t  Z=0.
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M iss ing  d a t a  a t  t h e  h i g h e s t  l e v e l s  p r e s e n t  a boundary c o n d i t i o n  
problem f o r  downward i n t e g r a t i o n .  F o r t u n a t e l y ,  however ,  even l a r g e  e r r o r s  
become small w i t h  d e c r e a s i n g  a l t i t u d e .  Using upward i n t e g r a t i o n  t h e  d a t a  
can be c o r r e c t e d  by Eq. (15) on ly  i f  boundary v a lu e s  a r e  a s s i g n e d  a t  the  
t o p .  In  t h i s  e v e n t u a l i t y ,  i t  would be b e t t e r  to  use t h e s e  v a lu e s  to  
i n i t i a l i z e  t h e  downward i n t e g r a t i o n .
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CHAPTER I I I  
HAIL GROWTH MODEL: GENERAL DESCRIPTION
I I I . A  I n t r o d u c t i o n  
The two s t e p s  in  t h e  numer ica l  model a r e
1. H a i l s t o n e  a d v e c t i o n
2. Growth ba s ed  on th e  m ic r o p h y s i c a l  model
To c a l c u l a t e  t h e  g rowth ,  t h e r e  a r e  two m o d e l l i n g  t e c h n i q u e s  which can be 
employed— c o n t i n u o u s  ( F l e t c h e r ,  1965) and s t o c h a s t i c  ( D a n ie l s o n  e t  a ^ . ,
1972) .  The c o n t i n u o u s  model assumes a l l  " c o l l e c t i b l e "  w a t e r  and i c e  a r e  
d i s t r i b u t e d  e v e n ly  t h r o u g h o u t  a g iven  volume. The more complex s t o c h a s t i c  
model p r o g r e s s e s  a s t e p  f u r t h e r  in  r e a l i s m  in  t h a t  i t  t a k e s  i n t o  a c c o u n t  
t h e  e n t i r e  hydrometeor  spec t rumand  i t s  e v o l u t i o n ,  a l l o w i n g  f o r  t h o s e  chance 
c o l l i s i o n s  between l i k e - s i z e d  p a r t i c l e s  t h a t  can a c c e l e r a t e  p r e c i p i t a t i o n  
growth.  The s i m p l e r  and more computer  e f f i c i e n t  c o n t i n u o u s  c o l l e c t i o n  
p r o c e s s  i s  chosen s i n c e  t h e  s t o c h a s t i c  m o d e l - p r e d i c t e d  h a i l s t o n e  spec t rum  
e v o l u t i o n  a r e  beyond t h e  scope  o f  t h i s  work. A l s o ,  t h e  cha nce  c o l l i s i o n s  
o f  s i m i l a r l y  s i z e d  p a r t i c l e s  i s  p r a c t i c a l l y  n o n - e x i s t e n t  i n  t h e  p r o c e s s  o f  
h a i l s t o n e s  ( p a s t  t h e  embryo s t a g e )  c o l l e c t i n g  s m a l l e r  c lo u d  hyd rom eteo rs .
The n e x t  two s e c t i o n s  d e s c r i b e  t h e  a s sum pt ions  p e r t a i n i n g  t o  s to rm 
and m ic r o p h y s i c a l  p a r a m e t e r s .  Fo l lo w in g  t h i s ,  a d v e c t i o n  and growth 
p r o c e s s e s  a r e  d e s c r i b e d  in  more d e t a i l .
54
I I I . B  Storm P a ram e te r s
The model r e q u i r e s  t h r e e  s to rm  p a ra m e t e r s  be s p e c i f i e d  in  t h r e e -  
d im e n s io n a l  s p a c e .  These a r e  t h e  wind,  t h e r m a l ,  and m o i s t u r e  f i e l d s .  The 
wind f i e l d  i s  o b t a i n e d  from t r i p l e  Dopp le r  d a t a  u s ing  a n a l y s i s  t e c h n i q u e s  
d e s c r i b e d  in  C h a p t e r  I I .  The wind v e c t o r s  and ,  hence ,  a l l  t r a j e c t o r i e s  
a r e  c a l c u l a t e d  r e l a t i v e  t o  s to rm  mot ion ( 2 7 5 ° / 1 5 .7  m s ’ ^ ) .  The wind f i e l d  
i s  assumed t o  be s t e a d y  t h r o u g h o u t  t h e  h a i l  growth p e r i o d s .  For  most  
growth t im es  (10 -20  min) t h i s  i s  p r o b a b l y  a good a s sum pt ion .  D e t a i l s  o f  
t h e  s to rm  wind f i e l d  a r e  g iven  in  C ha p te r  IV.
O b s e r v a t i o n a l  e v id e n c e  o f  thermal  and m o i s t u r e  s t r u c t u r e  i n s i d e  
deep c o n v e c t i o n  i s  l i m i t e d .  Using r a d i o s o n d e  d a t a  f rom Oklahoma s to r m s ,  
D a v i e s - J o n e s  (1974)  showed t h e  thermal  s t r u c t u r e s  o f  s t r o n g  u p d r a f t  c o re s  
a r e  a d i a b a t i c  i n  n a t u r e .  S a i l p l a n e  d a t a  in  Co lorado  i n d i c a t e  v ig o ro u s  
u p d r a f t s  c o n t a i n  a d i a b a t i c  c o r e s  ( b o th  thermal  and w a te r )  t h a t  become 
mixed w i t h  e nv i ronm en ta l  a i r  n e a r  t h e  u p d r a f t ' s  p e r i p h e r y  (Heymsf ie ld  
e t  ^ . , 1978) .  In a d d i t i o n ,  T-28  p e n e t r a t i o n s  o f  Colorado  h a i l s t o r m s  
d u r in g  t h e  N a t io n a l  Hai l  R e se a rc h  Exper im en t  showed a modera te  c o r r e l a t i o n  
( c o r r e l a t i o n  c o e f f i c i e n t  o f  0 . 6 7 )  between u p d r a f t  v e l o c i t y  and c loud  w a t e r  
c o n t e n t  (Musi l e t  a j_ . , 1977) .  The b a s i c  q u e s t i o n  i s  whe ther  t h e  c loud  
w a t e r  i s  s i g n i f i c a n t l y  d e p l e t e d  b e f o r e  i t  r e a c h e s  t h e  prime h a i l  growth 
a r e a s .  We c o n s i d e r  t h r e e  ways f o r  t h i s  to  o c c u r - - m i x i n g ,  c o n v e r s i o n  to  
m i l l i m e t e r  s i z e d  p r e c i p i t a t i o n  (hence  s e d i m e n t a t i o n ) ,  and d e p l e t i o n  by 
h a i l s t o n e  a n d / o r  g raupe l  p a r t i c l e s .  S ince  t h e  thermal  s t r u c t u r e  i s  
a d i a b a t i c ,  mix ing  i s  p r o b a b l y  n o t  s i g n i f i c a n t  in  t h e  u p d r a f t ' s  c o r e ,  nor  
i s  s e d i m e n t a t i o n  l i k e l y  t o  be a f a c t o r .  Cloud base  i s  a p p r o x i m a t e ly  2 km 
and t h e  pr ime growth r e g i o n  i s  below 8 km. Cloud w a t e r  t h a t  b e g in s  a t
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c lo u d  base  w i l l  have o n l y  5 min t o  grow assuming a 20 m s"^ u p d r a f t .  I t  
i s  u n l i k e l y  t h a t  l a r g e  p r e c i p i t a t i o n  p a r t i c l e s  cou ld  form in  such a s h o r t  
t im e  (Twomey, 1966;  Ryan, 1974).  In f a c t ,  t h e  weak echo r e g i o n  i t s e l f  i s  
e v id e n c e  o f  a s low c o n v e r s i o n  p r o c e s s  f rom c loud  to  p r e c i p i t a t i o n  p a r t i c l e s .  
I t  w i l l  be assumed,  t h e r e f o r e ,  t h a t  no d e p l e t i o n  due to  p r o d u c t i o n  o f  
l a r g e  l i q u i d  p r e c i p i t a t i o n  p a r t i c l e s  o c c u r s  in  t h e  s t r o n g  u p d r a f t  c o r e s .
I n f o r m a t i o n  on g raupe l  and h a i l  s p e c t r a  a l o f t  i s  s p a r s e .  Th i s  
makes i t  d i f f i c u l t  t o  e s t i m a t e  p o s s i b l e  c loud  l i q u i d  w a t e r  d e p l e t i o n  
th ro u g h  c o l l e c t i o n  by i c e  p a r t i c l e s .  L i s t  e t  al_. (1968)  used  a one­
d im e ns iona l  model t o  show d e p l e t i o n  c o u ld  be s i g n i f i c a n t  3 km above t h e  
f r e e z i n g  l e v e l  i f  t h e  number o f  0 . 5  cm h a i l s t o n e s  i s  g r e a t e r  th a n  10 m“ 
and t h e  u p d r a f t  i s  l e s s  than  25 m s ~ \  As no ted  by Browning (1977 ) ,  s i n c e  
t h e  r a t e  o f  d e p l e t i o n  a t  a g iven  l e v e l  i s  i n v e r s e l y  p r o p o r t i o n a l  to  t h e  
u p d r a f t  s p e e d ,  d e p l e t i o n  in  s to rm s  w i t h  s t r o n g  u p d r a f t s  may no t  be . 
s i g n i f i c a n t .  He f u r t h e r  s u p p o r t s  t h i s  p o i n t  by n o t i n g  t h e  low p r e c i p i ­
t a t i o n  e f f i c i e n c i e s  r e p o r t e d  f o r  s u p e r c e l l  type  s to r m s .  For  t h i s  model ,  
we assume d e p l e t i o n  i s  n o t  s i g n i f i c a n t  i n  t h e  u p d r a f t  c o r e .
The a d i a b a t i c  u p d r a f t  c o r e s  a r e  d e f i n e d  as  a r e a s  i n t e r i o r  to  
e l l i p s e s  f i t t e d  t o  t h e  +20 m s ' ^  c o n t o u r s  o f  t h e  m ajo r  u p d r a f t s .  A d i a b a t i c  
v a l u e s  a r e  d e te r m in e d  from a s im p le  on e -d im en s io n a l  model c o u p le d  w i th  an 
en v i r o n m e n ta l  s o u n d in g .  Secondary  e l l i p s e s  a r e  a l s o  f i t t e d  t o  t h e  +10 m s ' ^  
u p d r a f t  c o n t o u r s .  The t e m p e r a t u r e  e x c e s s  and w a t e r  c o n t e n t  a r e  assumed to  
d e c r e a s e  l i n e a r i l y  from a d i a b a t i c  t o  0 . 2  o f  a d i a b a t i c  a t  and e x t e r i o r  t o  
t h e  s e c o n d a r y  e l l i p s e s .  F i g u re  19 shows h o r i z o n t a l  s e c t i o n s  o f  t h e  c loud  
w a t e r  and t e m p e r a t u r e  i n  r e l a t i o n  to  t h e  m ajo r  u p d r a f t s  a t  4 ,  6 ,  and 8 km. 
The a d i a b a t i c  v a l u e s  a r e  g iven  in  t h e  uppe r  r i g h t  hand c o r n e r s  o f  each
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8 km w a * I I . 3
6 km w* = 8 .7
4  km WA = 5.2 gkg*
8 km
Ta = -22
6 km T g  -  - 1 6
Ta = -8
4 km Tg= 0 “ C 
Ta= 3"C
F i g .  19. H o r i z o n t a l  s e c t i o n s  ( 4 ,  6 ,  and 8 km) showing r e l a t i o n s h i p  
between computed s to rm  u p d r a f t s ,  c lo u d  w a t e r  mixing r a t i o  ( l e f t ,  g k g " ' )  
and t e m p e r a t u r e s  ( r i g h t ,  *C). Shaded a r e a s  i n d i c a t e  u p d r a f t s  g r e a t e r  than  
20 m s ~ ■. I n t e r i o r  l i g h t  a r e a s  a r e  u p d r a f t s  g r e a t e r  t h a n  40 m s " l .
Mixing r a t i o s  and t e m p e r a t u r e s  a r e  c o n to u r e d  in  s t e p s  o f  2 g kg'1 and 
4°C,  r e s p e c t i v e l y .  -  a d i a b a t i c  w a t e r  mixing r a t i o ;  Tg -  env i ronm en ta l  
t e m p e r a t u r e ;  -  a d i a b a t i c  c o r e  t e m p e r a t u r e .  (The r e a d e r  may wish to  
compare t h i s  f i g u r e  t o  t h e  s torm r e f l e c t i v i t y  and v e l o c i t y  s t r u c t u r e  
shown in  F ig .  2 6 . )
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s e c t i o n .  The r e a d e r  may wish t o  compare t h e  f i g u r e s  to  t h e  o v e r a l l  s torm 
s t r u c t u r e  d e s c r i b e d  in  C h a p te r  IV.
I I I . C  M ic rophys ica l  Pa ram e te r s
Both i n i t i a l  embryos and h a i l s t o n e s  a r e  assumed to  grow w i t h
d e n s i t i e s  o f  0 . 9  g cm" . For  h a i l s t o n e s  as  a whole ,  t h i s  i s  i n  agreement
w i t h  most measurements  (M ack l in ,  1977) .  Graupel  can grow a t  d e n s i t i e s
- 1
somewhat l e s s  than  0 .9  g cm" (Braham, 1963;  Pf laum, 1978) and hence ,  have 
lower  t e r m i n a l  v e l o c i t i e s .  While  a c c o u n t in g  f o r  t h i s  lower d e n s i t y  i s  
i m p o r t a n t  f o r  t h e  s tu d y  o f  g r a u p e l ,  i t  i s  l i k e l y  much l e s s  i m p o r t a n t  f o r  
growth o f  t h e  h a i l s t o n e  i t s e l f .
Along t h e s e  same l i n e s  i s  t h e  q u e s t i o n  o f  "spongy g r o w th . "  Some 
r e s e a r c h e r s  have proposed  t h a t  a c c r e t e d ,  b u t  un f rozen  w a te r  may be i n c o r ­
p o r a t e d  in  t h e  h a i l s t o n e  in  v a r i o u s  c a v i t i e s .  The l i q u i d  w a t e r  can then 
e i t h e r  be f r o z e n  a t  a l a t e r  t ime  o r  remain l i q u i d  ( O r v i l l e ,  1977) .  
H a i l s t o n e s  w i t h  high  l i q u i d  w a te r  c o n t e n t s  a r e  n o t  s u p p o r t e d  by o b s e rv a ­
t i o n s  in  Oklahoma (Browning ^  , 1968) .  I t  i s ,  t h e r e f o r e ,  assumed
a c c r e t e d  b u t  u n f ro z e n  w a t e r  i s  shed imm edia te ly .
For  t h i s  model a l l  h a i l s t o n e s  a r e  assumed to  be s p h e r i c a l .  Eng l i sh  
(1973)  showed t h a t  a l l o w in g  f o r  h a i l s t o n e  o b l a t e n e s s  u s u a l l y  r e s u l t s  in  
enhanced g row th ,  t h e r e f o r e ,  in  t h i s  r e s p e c t  t h e  s i z e s  may be u n d e r ­
e s t i m a t e d .  To s i m u l a t e  t h e  f r e e z i n g  p r o c e s s ,  t h e  w a t e r  mass i s  conve r ted  
l i n e a r l y  from a l l  w a t e r  a t  -10°C t o  a l l  i c e  a t  -25°C.  Again ,  d i r e c t  
ev id e n c e  o f  t h i s  w a t e r / i c e  q u e s t i o n  i s  somewhat s c a r c e .  S t u d i e s  have 
shown t h a t  much l i q u i d  w a t e r  s t i l l  e x i s t s  a t  - 10  to  -15°C in  deep 
c o n v e c t i v e  s y s te m s  (Sand ,  1976;  S a r t e r  and Cannon, 1977) .
58
I I I . D  H a i l s t o n e  Advec t ion 
H a i l s t o n e  d i s p l a c e m e n t s  a r e  found u s ing  t h e  Dopple r  d e r i v e d  wind 
f i e l d  and:
f = u  (17)
% - ' <  (18)
3# = w - V, (19)
Vj i s  c a l c u l a t e d  by e q u a t i n g  t h e  g r a v i t a t i o n a l  and drag  f o r c e s  e x e r t e d  on 
a b l u f f  body in  an a i r  s t r e a m  ( B a t c h e l o r ,  1967):
Mr g = 2 Pe ^c^ d'^ T
o r  assuming  a s p h e r i c a l  p a r t i c l e
^  = (20)I <3 P e
All  t erms on t h e  r i g h t  hand s i d e  o f  Eq. (20)  a r e  known q u a n t i t i e s .
F i g u r e  20 ( a f t e r  Matson and Huggins ,  1979) shows measured d rag
c o e f f i c i e n t s  f o r  a c t u a l  h a i l s t o n e s  and smooth s p h e r e s  as  a f u n c t i o n  o f
Reynolds  number (Re) .  Over t h e  r ange  o f  Re f o r  most  n a t u r a l l y  o c c u r r i n g
h a i l s t o n e s  (10^ t o  i c f ) ,  f o r  smooth s p h e re s  ( s o l i d  l i n e  i n  F i g .  20)
r em ain s  a t  a f a i r l y  c o n s t a n t  v a l u e  o f  ab o u t  0 . 4 5 .  T h i s  i s  somewhat  lower
th a n  t h a t  measured  from a c t u a l  h a i l s t o n e s  w i th  d e v i a t i o n s  be ing  mos t
s i g n i f i c a n t  a t  lower  v a lu e s  o f  Re. Almost  a l l  i c e  p a r t i c l e s  in  t h i s  model
have Reynolds  numbers g r e a t e r  th a n  10^ ( ab o u t  5 mm in  d i a m e t e r  and  above
6 km in  h e i g h t ) .  A c o n s t a n t  v a l u e  o f  0 .55  f o r  was,  t h e r e f o r e ,  chosen
f o r  a l l  h a i l s t o n e s .  T h i s  i s  i n  t h e  range  o f  v a l u e s  f o r  s p h e r i c a l  h a i l
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F i g .  20.  Drag c o e f f i c i e n t s  f o r  h a i l s t o n e s  and smooth s p h e r e s  ( a f t e r  
Matson and H ugg ins ,  1979) .  The numbers below Mackl in and Ludlum show 
t h e  a x i a l  r a t i o s  o f  t h e  p a r t i c l e s  used in  t h e i r  work.
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At h i g h e r  v a lu e s  o f  Re (>10^) smooth s p h e r e s  e x p e r i e n c e  a s h a rp  
drop in  Cp. T h i s  o c c u r s  in  t h e  t r a n s i t i o n  between a l a m in a r  and t u r b u l e n t  
boundary l a y e r  a t  t h e  h a i l s t o n e ' s  s u r f a c e .  T he re  i s  some e v id e n c e  t h a t  
h a i l s t o n e s  w i t h  4 t o  6 cm d i a m e t e r s  may e n t e r  t h i s  c r i t i c a l  f low  regime 
depending  on t h e i r  s u r f a c e  roughness  (Young and Browning, 1967;  B a i l e y  and 
M ack l in ,  1967) .  No a l l o w a n c e  i s  made f o r  t h i s  s h a rp  drop in  Cp s i n c e  few 
h a i l s t o n e s  r e a c h  Reynolds  numbers n e a r  t h i s  c r i t i c a l  va lu e  and r e q u i r e d  
i n f o r m a t io n  on s u r f a c e  roughness  i s  n o t  a v a i l a b l e .
I I I . E  H a i l s t o n e  Growth 
The mass budge t  o f  a h a i l s t o n e  i s  g iv en  by




d f  = T S -  E i(Ts)Vx (22)
I t  i s  assumed t h a t  a l l  t h e  c o l l e c t e d  w a t e r  and i c e  mass a r e  composed o f  
small  hydrometeors  t h a t  have n e g l i g i b l e  t e r m i n a l  v e l o c i t i e s  w i t h  r e s p e c t  
t o  t h e  h a i l s t o n e s .  The c lo ud  and i c e  w a t e r  c o n t e n t s  a r e  d e t e r m i n e d  from 
t h e  c loud  and i c e  w a t e r  mixing r a t i o s  ( s e e  I I I . B  and I I I . C ) .
The c o l l e c t i o n  e f f i c i e n c y  i s  t h e  p r o d u c t  o f  t h e  p r o b a b i l i t y  o f  a 
c o l l i s i o n  ( c o l l i s i o n  e f f i c i e n c y )  and t h e  p r o b a b i l i t y  o f  t h e  c o l l e c t e d  
hydrometeo r  r em a in ing  w i t h  t h e  c o l l e c t o r  ( c o a l e s c e n c e  e f f i c i e n c y ) .  For  
h a i l s t o n e - s u p e r c o o l e d  w a t e r  i n t e r a c t i o n s ,  t h e  l a t t e r  term i s  g e n e r a l l y  
assumed t o  be 1 .0  ( e . g . ,  E n g l i s h ,  1973) .  L a b o r a t o r y  e x p e r i m e n t s  have
61
shown t h a t  t h e  c o l l i s i o n  e f f i c i e n c y  d e c r e a s e s  w i th  i n c r e a s i n g  c o l l e c t o r  
s i z e  and d e c r e a s i n g  c o l l e c t e d  d r o p l e t  s i z e  (Mackl in  and B a i l e y ,  1966;
F ig .  2 1 ) .  In o r d e r  t o  e v a l u a t e  t h e  h a i l s t o n e - s u p e r c o o l e d  w a te r  c o l l e c t i o n  
e f f i c i e n c y ,  some knowledge o f  t h e  w a t e r  d r o p l e t  s p e c t r a  i s  n e c e s s a r y .  To 
d a t e ,  l i t t l e  in  s i t u  i n f o r m a t i o n  i s  a v a i l a b l e .  Measurements from Colo rado  
s to r m s  i n d i c a t e  a s u b s t a n t i a l  amount o f  l i q u i d  w a t e r  e x i s t s  in  d r o p l e t s  
<30|i i n  d i a m e te r  (Heymsf ie ld  e t  , 1978a; Heymsfield  e t  , 1979; 
H e y m s f i e ld ,  1979) .  S i m i l a r  r e s u l t s  from Oklahoma s to rm s  a r e  no t  a v a i l a b l e .  
The a c t u a l  d r o p l e t  s pec t rum  depends on s e v e r a l  f a c t o r s  ( e . g . ,  c lo ud  con­
d e n s a t i o n  n u c l e i ,  growth t im e)  t h a t  a r e  g e n e r a l l y  unknown. Due t o  t h e  
u n c e r t a i n  knowledge o f  t h e  c o l l e c t e d  d r o p l e t  s i z e s ,  a u n i t y  c o l l i s i o n  
e f f i c i e n c y  i s  assumed f o r  s i m p l i c i t y .  T h i s  i s  somewhat j u s t i f i e d  s i n c e  
few model h a i l  s t o n e s  exc eed  3 cm in  d i a m e te r  and t h e  c o l l i s i o n  e f f i c i e n c i e s  
a t  and below t h i s  d i a m e t e r  a r e  f a i r l y  h igh  f o r  most  d r o p l e t s .
For  h a i l s t o n e - i c e  hydrometeor  c o l l e c t i o n  e f f i c i e n c y ,  t h e  same 
c o l l i s i o n  e f f i c i e n c y  ( 1 . 0 )  i s  used as  f o r  w a t e r  d r o p l e t s .  The " s t i c k i n g "  
o r  c o a l e s c e n c e  e f f i c i e n c y ,  however,  i s  dependen t  on t h e  t e m p e ra t u re  o f  t h e  
c o l l e c t o r  (Latham and S a u n d e r s ,  1970; R oge rs ,  1974;  P a s s a r e l l i ,  1978) .
T h i s  i s  because  an i c e  p a r t i c l e  i s  l i k e l y  t o  bond t o  a n o t h e r  i c e  p a r t i c l e  
o n l y  i f  t h e r e  i s  a t h i n  l a y e r  o f  w a t e r  between them. Almost  a l l  i c e  has  a 
t h i n  l a y e r  o f  w a t e r  on i t s  s u r f a c e .  The warmer t h e  s u r f a c e  t e m p e r a t u r e ,  
t h e  t h i c k e r  t h i s  l a y e r ,  and t h e  more l i k e l y  i t  i s  t h a t  a n o t h e r  i c e  p a r t i c l e  
w i l l  a d h e re  t o  i t .  In g e n e r a l ,  t h e s e  and o t h e r  r e s e a r c h e r s  have found t h e  
c o a l e s c e n c e  e f f i c i e n c y  v a r i e s  from 1 .0  a t  0°C t o  0 . 0  somewhere between 
-15  t o  -30°C.  For t h i s  s t u d y ,  the  o v e r a l l  c o l l e c t i o n  e f f i c i e n c y  v a r i e s  
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F ig .  21. C o l l i s i o n  e f f i c i e n c i e s  o f  h a i l s t o n e s  and c loud  d r o p l e t s  a s  a 
f u n c t i o n  o f  t h e i r  d i a m e t e r s  ( a f t e r  Mackl in and B a i l e y ,  1966) .
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A h a i l s t o n e ' s  growth c h a r a c t e r i s t i c s  a r e  c r i t i c a l l y  dependen t  upon 
i t s  h e a t  b u d g e t .  T h i s  i s  g iven  by (M ack l in ,  1963; L i s t ,  1963; E n g l i s h ,
1973) .
d t  ■ d t  ■ d t  ‘ d t  ■ °  (23)
where
dQ
^ = ZîrDa K(T - T J (24)
dQ
= -2ttD a L d . ( P g - P g )  (25)
L i s  e i t h e r  t h e  l a t e n t  h e a t  o f  v a p o r i z a t i o n  o r  s u b l i m a t i o n ;
j r - i r " f f * V V V l  l:'l
The a c c r e t e d  w a t e r  and c o l l e c t e d  i c e  masses  a r e  assumed to  be a t  t h e  
a m b ie n t  t e m p e r a t u r e .  The c o n s t a n t s  in  (24 -27)  a r e  a l l o w e d  t o  va ry  w i th  
t e m p e r a t u r e  a n d / o r  p r e s s u r e  a s  a p p r o p r i a t e .  The v e n t i l a t i o n  c o e f f i c i e n t s  
f o r  c o n d u c t io n  and e v a p o r a t i o n / s u b l i m a t i o n  p r o c e s s e s  a r e  t h e  M usse l t  (Mu) 
and Sherwood (Sh)  numbers ,  r e s p e c t i v e l y .  For  c o n d i t i o n s  o f  h a i l s t o n e  
g r o w t h ,  however ,  i t  has  been shown t h a t  (Mason, 1971):
a  = Nu = Sh "  0 .58
A h a i l s t o n e ' s  growth h i s t o r y  i s  d e te rm in e d  by t h e  f o l l o w in g  s t e p s ;
1.  The h a i l s t o n e  i s  a d v e c t e d  u s ing  Eqs. 17-19.
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2.  Ambient  the rm al  and m o i s t u r e  p a r a m e t e r s  a r e  d e r i v e d  from t h e i r  
p r e d e t e r m i n e d  t h r e e  d imens iona l  s t r u c t u r e .  P r e s s u r e  i s  o b t a i n e d  
v i a  t h e  h y d r o s t a t i c  a p p ro x im a t io n .  A p p r o p r i a t e  c o n s t a n t s  needed 
t o  s o l v e  Eq. (23)  a r e  c a l c u l a t e d  u s in g  t h i s  i n f o r m a t i o n .
3.  Dry growth i s  assumed (F^ = 1 . 0 )  and computed from Eq. ( 2 3 ) .
dM. dM^
,  2.DaLKI, .  Lsd.(p,_p,)] + c,. T, + [L, + 0,^1,]
^ s  dM. dM
2TTDaK + ^  C p . + ^  Cpw
where  dM^/dt  and dM^./dt a r e  c a l c u l a t e d  from ( 2 1 , 2 2 ) .  Note t h i s  
i s  an i t e r a t i v e  p r o c e s s  s i n c e  on t h e  r i g h t  hand s i d e  o f  
Eq. (28)  i s  d e p e n d en t  on T^. The f i r s t  guess  f o r  t h e  i t e r a t i o n  
i s  t h e  o l d  t e m p e r a t u r e .  The c a l c u l a t i o n s  a r e  s to p p e d  when the  
t e m p e r a t u r e  d i f f e r e n c e  between s u c c e s s i v e  i t e r a t i o n s  i s  l e s s  
t h a n  U.05°C. I f  T^ i s  l e s s  than  0°C,  t h en  th e  growth c a l c u l a ­
t i o n s  f o r  t h a t  t im e  s t e p  a r e  t e r m i n a t e d .  The new h a i l s t o n e  mass 
i s  s im ply  t h e  o l d  mass p lu s  dM^ and dM^. I f  T^ i s  g r e a t e r  than  
0°C,  p roce e d  t o  S t e p  4.
4.  Wet growth i s  assumed (T^ = 0°C) and i s  computed from Eq. ( 2 3 ) .
dM. dM^
.  -2nOalK(Ta-Tg) -  L y d ^ tp ^ - p g ) ]  - ^
f f  = dH„ ™
d t  Lf
w h e r e ,  a g a i n ,  dM^/dt  and dM^./dt a r e  f rom ( 2 1 , 2 2 ) .  In t h i s  ca se  
t h e  newly added mass i s
dMwFf + dM.
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The t im e  s t e p  used i s  10 s e c .  T e s t s  show t h a t  d e c r e a s i n g  t h i s  i n t e r v a l  
does n o t  r e s u l t  in  s i g n i f i c a n t  changes  i n  t h e  growth  p r o c e s s .  T h i s  a g re e s  
w i th  E n g l i s h  (1973 ) .  These  s t e p s  a r e  r e p e a t e d  u n t i l  t h e  h a i l s t o n e  e x i t s  
any o f  t h e  m o d e l ' s  b o u n d a r i e s .  When t h e  h a i l s t o n e  f a l l s  below t h e  m e l t i n g  
l e v e l ,  a d v e c t i o n  i s  c o n t i n u e d ,  b u t  a l l  growth i s  t e r m i n a t e d .  M e l t ing  i s  
n o t  c o n s i d e r e d  s i n c e  t h i s  s t u d y  i s  fo cu s e d  in  t h e  growth phase  o n l y .
M el t ing  c a l c u l a t i o n s  a l s o  r e q u i r e  knowledge o f  t h e  thermal  s t r u c t u r e  in  
t h e  d o w n d r a f t ,  a n d ,  s i n c e  t h i s  s to rm d i d  n o t  p a s s  o v e r  any s u r f a c e  i n s t r u ­
ments such i n f o r m a t io n  i s  n o t  a v a i l a b l e .  T em pera tu re  r e t r i e v a l  methods 
(Hane and S c o t t ,  1978; Ga l -C hen ,  1978) show p romise  o f  a c q u i r i n g  thermal  
s t r u c t u r e  f rom Doppler  m easu rem en ts ,  b u t  t h ey  a r e  s t i l l  in  t h e  deve lopmen ta l  
s t a g e  and have n o t  produced  r e s u l t s  from a c tu a l  d a t a .
An example o f  t h e  model i s  shown in  F ig .  22. The l a r g e  d i f f e r e n c e  
in  t h e  f i r s t  two h a i l s t o n e  t e m p e r a t u r e s  i s  due t o  i n i t i a l  t e m p e r a t u r e  
a s s i g n e d  t o  t h e  h a i l s t o n e .  F o r  s i m p l i c i t y  i n i t i a l  T^ f o r  a l l  h a i l s t o n e s  
a t  a g i v e n  l e v e l  i s  d e f i n e d  t o  be t h e  a v e ra g e  o f  t h e  env i ronm en ta l  and 
a d i a b a t i c  c o re  t e m p e r a t u r e s .  Note t h a t  t h e  h a i l s t o n e  undergoes  a t r a n ­
s i t i o n  from d ry  t o  wet growth  a t  270 s e c .  T h i s  o c c u r s  b ecause  t h e  h a i l ­
s to n e  i s  e n t e r i n g  t h e  s t o r m ' s  m ajo r  u p d r a f t  as  i s  ev id e n c e d  by t h e  h i g h e r  
t e m p e r a t u r e s  and l i q u i d  w a t e r .
As w i th  a l l  numer ica l  m o d e l s ,  t h i s  one i s  o n ly  as  good a s  i t s  
a s s u m p t io n s .  Weaknesses  o f  t h e  model i n c l u d e  t h e  s t e a d y  s t a t e  a s su m p t io n ,  
l a c k  o f  knowledge o f  m ic r o p h y s i c a l  pa ra m e te r s  and th e  d i s t r i b u t i o n  o f  t h e  
the rmal  and m o i s t u r e  f i e l d s .  The main model s t r e n g t h  i s  i t s  t h r e e -  
d i m e n s i o n a l i t y ,  i n c l u d i n g  t h e  a c t u a l l y  measured Doppler  wind f i e l d .  The 
c r i t i c a l  f a c t o r  i s  t h e  s p e c i f i c a t i o n  o f  p a r a m e t e r s  w i t h  s u f f i c i e n t
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F ig .  22.  Example o f  h a i l  growth model o u t p u t .  Keys t o  t h e  l a b e l s  used 


















Elapsed  t ime ( s e c )
H a i l s t o n e  d i a m e te r  (cm)
Tota l  h a i l s t o n e  mass (g)
C a r t e s i a n  c o o r d i n a t e s  o f  h a i l s t o n e  w i th  r e s p e c t  to  
g r i d  (km; n o te  Z i s  h e i g h t  above ground l e v e l )
H a i l s t o n e  growth mode: DRY, WET, o r  MLT (no growth)
Running t o t a l  o f  w a t e r  mass a c c r e t e d ,  b u t  n o t  f ro z e n  
(g; shed w a te r )
F r a c t i o n  o f  a c c r e t e d  w a t e r  f ro z e n  in  one t ime s t e p
Ambient  t e m p e r a t u r e  (°C)
H a i l s t o n e  s u r f a c e  t e m p e r a t u r e  (°C)
Cloud l i q u i d  w a t e r  c o n t e n t  (g cm" )
Cloud i c e  w a t e r  c o n t e n t  (g cm"^)
Cloud l i q u i d  w a t e r  mass i n t e r c e p t e d  in one t ime 
s t e p  (g)
Cloud i c e  mass c o l l e c t e d  d u r in g  one t ime s t e p  (gm) 
Running t o t a l  o f  a c c r e t e d  w a t e r  (g)
Running t o t a l  o f  c o l l e c t e d  i c e  (g)
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a c c u r a c y  so t h a t  t h e i r  i n t e r a c t i o n s  i n  p roducing  l a r g e  h a i l  may be s t u d i e d .  
I t  i s  n o t  b e l i e v e d  ( n o r  n e c e s s a r y )  t h a t  t h e  computed t r a j e c t o r i e s  a r e  




IV.A Gene ra l  F e a t u r e s  and Envi ronmenta l  C ond i t io n s  
The s u p e r c e l l  s to rm t h a t  i s  t h e  s u b j e c t  o f  t h i s  i n v e s t i g a t i o n  
o c c u r r e d  in  c e n t r a l  Oklahoma on t h e  ev e n in g  o f  29 May 1976. I t  p roduced  4 
t o  5 cm h a i l  and a fu n n e l  c lo u d .  S y n o p t i c a l l y ,  a t  t h e  s u r f a c e ,  a low 
p r e s s u r e  c e n t e r  was l o c a t e d  in  n o r t h w e s t e r n  Kansas a t  0600 ( a l l  t im e s  a r e  
CST) on t h e  morning o f  t h e  s to rm .  During t h e  n e x t  24 h o u r s ,  t h i s  low 
s lo w ly  deepened and s e t t l e d  i n t o  t h e  Texas p a n h a n d le .  By 1800 t h e  c o l d  
f r o n t  a s s o c i a t e d  w i t h  t h e  low s t r e t c h e d  from s o u th w e s t  to  n o r t h e a s t  a c r o s s  
t h e  n o r t h w e s t  c o r n e r  o f  Oklahoma. A n o r t h - s o u t h  d r y l i n e  e x i s t e d  i n  the  
Texas p anhand le  and moved s lo w ly  e a s tw a rd  d u r in g  t h e  day u n t i l  i t  r e a c h e d  
t h e  Texas-Oklahoma b o r d e r  (Weaver,  1979) .  Storms appeared  to  form on t h i s  
d r y l i n e  w i t h  t h e  a p p ro a c h  o f  a m o d e r a t e l y  s t r o n g  s h o r t  wave (500 mb h e i g h t  
f a l l s  o f  30 m ove r  12 h o u r s ) .
The l o c a l  s to rm  env i ronm en t  was r e v e a l e d  by a sounding l a u n c h e d  a t  
1730 from t h e  NSSL Elmore C i t y  r awinsonde  s i t e  l o c a t e d  a p p r o x i m a t e ly  60 km 
due s o u th  o f  NSSL. F i g u r e  23 shows t h e  t e m p e r a t u r e  and dewpoint  p r o f i l e  
w i t h  h e i g h t  on a S tuve  d iagram.  The l i f t i n g  c o n d e n s a t io n  l e v e l  ( P e t t e r s s e n ,  
1956) i s  a t  830 mb o r  a bou t  1 .5  km. The i n s t a b i l i t y  was high w i t h  a 
l i f t e d  index  o f  -8  (Galway, 1956) .  The hodograph in  Fig .  24 shows s h a r p
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F i g .  23. Sounding d a t a  from Elmore C i t y  r a d i o s o n d e  s i t e .  I n s t r u m e n t  
package  was l aunched  a t  1730 CST on 29 May 1976.  I  -  t e m p e r a t u r e ;  T j  -  
dew po in t ;  8 ,  0% -  d r y  and wet  a d i a b a t s ;  r  -  mix ing  r a t i o  (g k g ' l ) ;  Open 
c i r c l e s  g i v e  t im e  -  p r e s s u r e  h e i g h t  p r o f i l e  o f  b a l l o o n  (u se  t im e  d iagram  
on a b s c i s s a ) .
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F ig .  24.  Hodograph o f  wind d a t a  f rom r a d i o s o n d e  o f  F ig .  23.  V e l o c i t i e s  
■ a r e  in  m s - l .  V e c to r  shows s to rm mot ion ( 2 7 5 ° /1 5 .7  m s " l ) .
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v e e r i n g  o f  t h e  wind in  t h e  l o w e s t  few k i l o m e t e r s  w i th  f a i r l y  h igh  winds
a l o f t .  T h i s  s t r u c t u r e  i s  t y p i c a l  o f  t h a t  u s u a l l y  found in  s u p e r c e l l  s to rm
env ironm en ts  (Chisholm and R e n ic k ,  1972; B a r n e s ,  1978; Barnes and N e l son ,  
1978) .
The s to rm  f i r s t  became r e c o g n i z a b l e  a s  an e n t i t y  n e a r  1900.
F ig u re  25 shows th e  r a d a r  r e f l e c t i v i t y  (0° t i l t )  o f  t h e  WSR-57 i n c o h e r e n t  
r a d a r  a t  15 min i n t e r v a l s  f rom 1915 to  2100. The s torm grew r a p i d l y  
between 1915 and 2015 a t  which t im e  i t  formed a hook echo which p e r s i s t e d  
u n t i l  a lm os t  2100. At  t h i s  t i m e ,  t h e  c e l l  began t o  weaken s lo w ly  as
a n o t h e r  c e l l  t o  i t s  s o u t h  s t a r t e d  t o  grow. The s torm c o n t in u e d  to
p r o p a g a te  t o  t h e  e a s t  and s t i l l  p o s s e s s e d  a l a r g e  55 dBZ c o re  as  l a t e  as  
2130.
IV.B R e f l e c t i v i t y  and V e l o c i t y  S t r u c t u r e
Data a n a l y s i s  has been pe rfo rmed a t  2032 over  a 30x30x11 km box 
c e n t e r e d  on t h e  hook echo .  The s to rm i s  n e a r  i t s  most i n t e n s e  s t a g e  a t  
t h i s  t im e .  F i g u r e  26 shows h o r i z o n t a l  p l a n e s  o f  r e f l e c t i v i t y  and v e l o c i t y  
s t r u c t u r e  s pa ce d  a t  1 km i n t e r v a l s  in  t h e  v e r t i c a l .  The l e f t  hand g r i d s  
d i s p l a y  r e f l e c t i v i t y  a t  5 dbZ i n t e r v a l s  a long  w i t h  t h e  v e r t i c a l  v e l o c i t i e s .  
U p d r a f t s  ^20 m s ' ^  a r e  shaded  w i t h  i n t e r i o r  unshaded a r e a s  ^40 m s \  
Downdraf ts  <-10 m s"^ a r e  c r o s s - h a t c h e d  w i th  i n t e r i o r  wh i t e  a r e a s  <-20 m s"V 
The r e f l e c t i v i t y  c o n t o u r s  ( u n l a b e l e d )  a r e  r e p e a t e d  on the  r i g h t  hand g r i d  
a lo ng  w i th  t h e  s t o r m ' s  r e l a t i v e  h o r i z o n t a l  v e l o c i t y  v e c t o r s .  The r e a d e r  
may no te  anomalous v e c t o r s  on t h e  s t o r m ' s  p e r i p h e r y  a t  some l e v e l s .  These 
a r e  caused by bad r a d i a l  v e l o c i t y  e s t i m a t e s  due to  low r e t u r n e d  s i g n a l  
t h a t  were i n a d v e r t e n t l y  mis sed  in  t h e  e d i t i n g  p r o c e s s  ( s e e  Appendix A, 
s e c t i o n  2 ) .  The r e f l e c t i v i t y  f i e l d  i s  from t h e  Norman Doppler  r a d a r .
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F i g .  25 .  Radar  r e f l e c t i v i t y  (0°  t i l t )  from NSSL WSR-57 r a d a r .  Gray 
s h a d e  c a l i b r a t i o n s  i n  dBz a r e ;  dim 8 - 1 4 ;  b r i g h t  2 0 - 2 8 ;  c a n c e l  ( d a r k )  
2 9 - 3 9 ;  dim 4 0 - 5 0 ;  b r i g h t  5 1 -61 .  The a r ro w  on t h e  1915 p i c t u r e  shows 
t h e  b e g i n n i n g s  o f  t h e  s to r m  o f  i n t e r e s t .  The "hook" i s  i n d i c a t e d  by 
t h e  a r r o w s  i n  t h e  2015-2045 p i c t u r e s .  The l o c a t i o n  o f  t h e  Norman (NOR), 
Cimar ron  (CMP), and CHILL (CHL) r a d a r s  a r e  shown on t h e  2032 p i c t u r e .
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F ig .  26.  R e f l e c t i v i t y  and v e l o c i t y  s t r u c t u r e  ( r e l a t i v e  to  s to rm  motion)  
o f  29 May 1976 h a i l s t o r m  a t  2032.  Data  a r e  d i s p l a y e d  i n  h o r i z o n t a l  s e c t i o n s  
a t  1 km v e r t i c a l  i n t e r v a l s .  H e ig h t  o f  each s e c t i o n  (km) i s  g iven  in  lower 
r i g h t  hand c o r n e r .  T i c k  marks a r e  spaced 10 km a p a r t .  Nor th i s  towards 
t h e  top  o f  t h e  page and a f i d u c i a l  mark (*) i s  g iven a t  each l e v e l .  The 
l e f t  hand g r i d s  show r e f l e c t i v i t i e s  ( l i g h t  l i n e s  a t  5 dBz i n t e r v a l s )  and 
v e r t i c a l  v e l o c i t y .  For  t h e  v e r t i c a l  v e l o c i t i e s ,  shaded  a r e a s  a r e  u p d r a f t s  
>20 m s - l  w i t h  i n t e r i o r  unshaded a r e a s  >40 m s - l .  Downdraf ts  <-10  m s - l  
a r e  c r o s s - h a t c h e d  w i t h  i n t e r i o r  w h i t e  a r e a s  <-20 m s " l . The r e f l e c t i v i t y  
c o n t o u r s  ( u n l a b e l e d )  a r e  r e p e a t e d  on t h e  r i g h t  hand g r i d  a lo n g  w i t h  h o r i ­
z o n ta l  v e l o c i t y  v e c t o r s .  The v e c t o r  l e n g t h s  a r e  p r o p o r t i o n a l  t o  wind 
speed .  One km i n  l e n g t h  i s  equa l  t o  10 m s ' ^  ( t h e  v e c t o r s  a r e  spaced a t  
1 km i n t e r v a l s ) .  For  r e f e r e n c e  t h e  lower l e f t  hand c o r n e r  o f  t h e  g r i d  box 
i s  l o c a t e d  10 km w e s t  and 75 km s o u th  o f  t h e  Norman Dopple r  r a d a r .  The 
r e a d e r  may wish  t o  r e f e r  t o  t h e  2032 t ime o f  F ig .  25 t o  s e e  t h e  r e l a t i o n ­
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Comparison o f  Norman Dopple r  v a l u e s  t o  bo th  t h e  WSR-57 and Cimarron 
Dopp le r  r a d a r s ,  show th e  Norman r e f l e c t i v i t i e s  a r e  5 t o  10 dBz to o  low.
S ince  t h e  r e f l e c t i v i t i e s  a r e  used  on ly  q u a l i t a t i v e l y ,  t h e  Norman r e f l e c ­
t i v i t i e s  have been r e t a i n e d  b e c a u s e  t h e y  have t h e  b e s t  s p a t i a l  r e s o l u t i o n .  
The h o r i z o n t a l  wind f i e l d  was d e r i v e d  d i r e c t l y  from Eq. (3)  and t h e  v e r t i c a l  
v e l o c i t i e s  were c a l c u l a t e d  by i n t e g r a t i n g  from t h e  top  down us ing  
t e c h n i q u e  4 d e s c r i b e d  in  1 1 I . E . 2.
The r e f l e c t i v i t y  f i e l d  i s  v e ry  c h a r a c t e r i s t i c  o f  a s u p e r c e l l  s torm 
w i th  a hook echo in  t h e  lower  l e v e l s  (F ig .  26) and a l a r g e  overhang 
r e g i o n  a l o f t  ( F i g s .  14 and 2 6 ) .  A weak echo r e g i o n  (WER) can be seen a t  
5 -8  km in  F i g .  25, a p p e a r i n g . a s  an i n v e r t e d  "v" shaped no tch  j u s t  sou th  
o f  t h e  h ig h  r e f l e c t i v i t y  c o r e .  The raw Dopple r  d a t a  ( n o t  smoothed by 
i n t e r p o l a t i o n  and n o t  shown) shows t h i s  r eg io n  i s  bounded (BWER) between 5 
and 7 km. At  and below 4 km t h e  WER has f i l l e d  i n  w i th  h i g h e r  r e f l e c t i v i t y  
which may i n d i c a t e  t h e  u p d r a f t  has j u s t  begun t o  weaken.
The h o r i z o n t a l  v e l o c i t y  v e c t o r s  a t  1 km i n d i c a t e  a m o d e r a te ly  
s t r o n g  c i r c u l a t i o n  a s s o c i a t e d  w i t h  t h e  r e f l e c t i v i t y  hook echo.  C a l c u l a t e d
d i v e r g e n c e  and v o r t i c i t y  i n  t h i s  r e g i o n  ( n o t  shown) a r e  abou t  equa l  w i th
-2  -1maximum v a lu e s  o f  1 .0  t o  1 .5  10" s"  . A c onve rgence  l i n e  e x te n d s  s o u th -
wes tward  from t h e  c i r c u l a t i o n  fo rm ing  t h e  s t o r m ' s  g u s t  f r o n t .  In the
-2  -1mid d le  l e v e l s ,  t h e  dominant  f e a t u r e  i s  t h e  conve rgence  a r e a  ( * 1 .5  10" s"  )
j u s t  t o  t h e  w e s t  o f  t h e  h igh  r e f l e c t i v i t y  c o re  ( s e e  e s p e c i a l l y  t h e  7 km
l e v e l ) .  T h i s  g i v e s  r i s e  t o  t h e  s t o r m ' s  main d o w n d r a f t .  At and above 9 km
- 2  -1t h e  f low i s  c h a r a c t e r i z e d  by a long and s t r o n g  (> 1 .5  10" s"  ) d iv e r g e n c e  
l i n e .  T h i s  s t r o n g  o u t f lo w  i s  r e s p o n s i b l e  f o r  t h e  s t o r m ' s  l a r g e  overhang.
82
Four m ajor  u p d r a f t s  a r e  r e v e a l e d  by t h e  Doppler a n a l y s i s .  Three  
a r e  a l i g n e d  SW-NE as  can b e s t  be seen  on t h e  7 or  8 km h o r i z o n t a l  v e r t i c a l  
v e l o c i t y  s e c t i o n s  o f  F ig .  26 .  For  d i s c u s s i o n ,  the  c o r e s  a r e  i d e n t i f i e d  on 
t h e  7 km s e c t i o n  as  A, B, and C p r o g r e s s i n g  from SW t o  NE. Core D i s  t h e  
small  u p d r a f t  maximum t o  t h e  s o u t h e a s t  o f  c o r e  B.
The c e n t e r  d r a f t  ( c o r e  B) i s  t h e  l a r g e s t  and s t r o n g e s t  wi th 
maximum v e r t i c a l  v e l o c i t y  o f  51 m s “  ^ a t  a h e i g h t  o f  7 km. I t  i s  a s s o ­
c i a t e d  w i t h  t h e  BWER and a p p e a r s  to  have i t s  r o o t s  in  t h e  convergence  a r e a  
c e n t e r e d  on t h e  low l e v e l  c i r c u l a t i o n .  The companion d o w n d ra f t  (hence 
forming t h e  c l a s s i c a l  c o u p l e t )  i s  l o c a t e d  j u s t  wes t  o f  t h e  u p d r a f t .  The 
d ow ndra f t  r e a c h e s  a maximum speed o f  25 m s"^ a t  a h e i g h t  o f  5 km.
Core C ' s  low leve l  u p d r a f t  r o o t s  l i k e w i s e  a p p e a r  t o  be in  t h e  
r e g i o n  o f  t h e  hook echo.  T h i s  u p d r a f t ,  however ,  i s  weak and has no wel l  
d e f i n e d  maximum. The g r e a t e s t  v e r t i c a l  v e l o c i t i e s  a r e  a n e a r l y  c o n s t a n t  
27 m s"^ be tween 5 and 9 km. There  i s  a l s o  a weak d o w n d r a f t  to  c o re  C ' s  
n o r t h w e s t .
Core A has  formed on t h e  g u s t  f r o n t  boundary to  t h e  sou thw es t  o f  
t h e  conve rge nc e  a r e a  a s s o c i a t e d  w i th  c o r e s  B and C. At  t h e  low l e v e l s  i t
has two d i s t i n c t  u p d r a f t  maxima, b u t  above 7 km t h e s e  have merged i n t o
one .  While  s m a l l e r  and somewhat weaker  t h an  core  B (maximum speed o f
42 m s ' ^  a t  9 km), t h i s  c o r e  a p p e a r s  to  be a c t i v e l y  g rowing .  By 2045,  i t
has  formed i t s  own high r e f l e c t i v i t y  c o re  a t  t h e  s u r f a c e  ( F i g .  25) .  I t  
c o n t i n u e s  t o  grow as  c o re  B d e c l i n e s ,  b u t  i t  never  d om ina te s  the  complex. 
Core A h a s  two dow ndra f t s  n e a r  i t .  The one t o  the  s o u t h w e s t  i s  f a i r l y  
weak. A weak downdra f t  would be e x p e c t e d  w i th  a c e l l  t h a t  i s  s t i l l  main ly  
in  t h e  cumulus growth s t a g e  (Byers  and Braham, 1949) .  The downdra f t  to
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t h e  e a s t  o f  c o r e  A, however ,  i s  f a i r l y  i n t e n s e .  I t  forms a l o f t  in  r e s p o n s e  
t o  convergence  a t  a b o u t  7-9 km and d i v e r g e s  somewhere n e a r  t h e  g u s t  f r o n t  
a t  t h e  s u r f a c e .
Like c o r e  A, c o re  D a p p e a r s  t o  s tem from t h e  conve rgence  a r e a  on 
t h e  s t o r m ' s  g u s t  f r o n t .  A n a l y s i s  o f  t h e  unsmoothed r e f l e c t i v i t y  d a t a  
r e v e a l s  a maximum a s s o c i a t e d  w i th  t h i s  u p d r a f t .  T h i s  i s  i n t e r e s t i n g  in  
t h a t  i t  shows t h e  s o u th e r n  boundary o f  t h e  high  r e f l e c t i v i t y  forming the  
hook echo i s  c o n v e c t i v e  in  n a t u r e .  The u p d r a f t  r e a c h e s  i t s  maximum 
v e l o c i t y  (~35 m s~^ ;  no t e  o n l y  one g r i d  p o i n t  was >30 m s~^)  between 5 and 
6 km. I t s  m ag n i tu d e  d e c r e a s e d  r a p i d l y  above 7 km.
IV.C Summary
In g e n e r a l ,  t h e  h o r i z o n t a l  f low and r e f l e c t i v i t y  a r e  t y p i c a l  o f  
t h a t  p r e v i o u s l y  obs e rv e d  in  o t h e r  s u p e r c e l l  type  s to r m s .  There  i s  l i t t l e  
p a s t  d a t a ,  however ,  on v e r t i c a l  v e l o c i t y  s t r u c t u r e .  Two s t u d i e s  (Heyms- 
f i e l d ,  1978; G ra n d e s ,  1978) a d d r e s s  in  some d e t a i l  v e r t i c a l  v e l o c i t y  in a 
s u p e r c e l l  s t o r m .  Both were dual Dopple r  a n a ly s e s  and o b t a i n e d  t h e  v e r t i c a l  
component  o f  mot ion by i n t e g r a t i n g  t h e  c o n t i n u i t y  e q u a t i o n  upwards. T h e i r  
a n a l y s e s  were r e s t r i c t e d  t o  l e v e l s  a t  and below 6 km. These  s t u d i e s  
showed n o t  o n l y  one s t r o n g  u p d r a f t  and a weaker  d o w n d r a f t ,  bu t  a l s o  o t h e r  
s u b s t r u c t u r e s .  The maximum u p d r a f t  v a l u e s  in  both  c a s e s  were around 
40 m s"^ a t  t h e i r  t o p  a n a l y s e s  l e v e l s  (~6 km). I t  i s  l i k e l y  t h e s e  s o l u ­
t i o n s  a r e  s u f f e r i n g  from t h e  e r r o r  a m p l i f i c a t i o n  d e s c r i b e d  in  C h a p te r  I I .  
They do,  however ,  a g re e  w i t h  maximum v a l u e s  found in  t h i s  s t u d y  a t  t h e  
6 km l e v e l .  Conceptua l  models  u s u a l l y  show on ly  one s t r o n g  and broad 
u p d r a f t  w i t h  an accompanying d o w ndra f t .  For t h i s  s to r m ,  t h e  dominant
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v e r t i c a l  d r a f t  s t r u c t u r e s  ( c o r e  B and i t s  d o w n d r a f t )  do e x h i b i t  t h e s e  
c l a s s i c a l  c h a r a c t e r i s t i c s .  T he re  a r e ,  however ,  o t h e r  u p d r a f t s .
I t  i s  d i f f i c u l t  t o  i n t e r p r e t  t h e  n a t u r e  a n d / o r  im por tance  o f  
u p d r a f t  c e l l s  A, C, and D w i t h o u t  s e v e r a l  com p le te  t h r e e - d i m e n s i o n a l  views 
spaced  a t  c l o s e  t im e  i n t e r v a l s .  Some s p e c u l a t i o n  on t h e  r o l e s  o f  t h e s e  
t h r e e  u p d r a f t s ,  however ,  i s  a p p r o p r i a t e .  Core C a p p e a r s  t o  s tem from t h e  
same low l e v e l  convergence  r e g i o n  as  t h e  main u p d r a f t  ( c o r e  B). These two 
c e l l s  may be p u l s a t i o n s  on a g e n e ra l  u p d r a f t  r e g i o n  (Nelson and Braham, 
1975) .  I f  t h i s  i s  t h e  c a s e ,  t h en  d a t a  w i th  good temporal  r e s o l u t i o n  and 
an a n a l y s i s  t h a t  a l l o w s  t im e  v a r i a t i o n s  would be n e c e s s a r y  to  a s c e r t a i n  
t h e  e f f e c t s ,  i f  a n y ,  o f  such p u l s a t i o n s .  I n s p e c t i o n  o f  t h e  r e f l e c t i v i t y  
d a t a  shows t h a t ,  f o r  most  h a i l  growth t im es  (10 -20  m in ) ,  t h e  b a s i c  s torm 
s t r u c t u r e  in  t h i s  a r e a  changes  l i t t l e .  The h a i l  growth model ( s e e  
C ha p te r  V) a l s o  r e v e a l s  t h a t  c o r e  C has  l i t t l e  e f f e c t  on h a i l  p r o d u c t i o n .
Cores  A and D a r e  p r o b a b l y  more i m p o r t a n t  t o  h a i l  g rowth .  They 
bo th  form on t h e  g u s t  f r o n t  i n  an a r e a  where e i t h e r  " f e e d e r "  ( f l a n k i n g  
l i n e )  o r  " d a u g h t e r "  c e l l s  would  no rm a l ly  grow (Browning,  1977) .  Core D 
has t h e  i n s t a n t a n e o u s  a p p e a r a n c e  o f  a f e e d e r  c l o u d .  I t  i s  s m a l l ,  i n  c l o s e  
p r o x i m i t y  t o  t h e  main u p d r a f t ,  and imbedded in  f low t h a t  would c a u se  i t  t o  
merge w i t h  t h e  main u p d r a f t .  I t  i s  n o t  known i f  t h i s  merge r  o c c u r s .
Ce l l  A i s  l a r g e r  i n  e x t e n t  and e v e n t u a l l y  forms i t s  own h igh  r e f l e c t i v i t y  
c o re  ( F i g .  25,  2045 and 2100 ) .  Thi s  c o r e ,  however ,  does not  merge w i th  t h e  
main c e l l  as  a f e e d e r  c lo u d  n o r m a l ly  would,  n o r  does  i t  grow t o  dominate  
t h e  complex as  a d a u g h t e r  c l o u d .  I t s  e v o l u t i o n  may be a l t e r e d  from what 
n o r m a l ly  may have o c c u r r e d  due t o  t h e  demise o f  t h e  e n t i r e  s to rm  complex 
a f t e r  a b o u t  2100. In any e v e n t ,  a t  o u r  a n a l y s i s  t im e  (2032)  c e l l s  A and D
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a r e  c o n f i g u r e d  ve ry  much l i k e  f e e d e r  a n d / o r  d a u g h t e r  c e l l s  and w i l l  be 
c o n s i d e r e d  a s  such f o r  t h e  d i s c u s s i o n  o f  t h e  h a i l  growth p r o c e s s e s .
F i g u r e  27 i s  a t h r e e - d i m e n s i o n a l  c o m p o s i te  o f  i m p o r t a n t  s to rm  
f e a t u r e s .  At  t h e  s u r f a c e ,  t h e  g u s t  f r o n t  has  advanced we l l  ahead  o f  t h e
main u p d r a f t ' s  p o s i t i o n  a l o f t  ( c o r e  B). T h i s  may a c co u n t  f o r  t h e  decay o f
t h i s  p o r t i o n  o f  the  s to rm o v e r  t h e  n e x t  h a l f  hour .  Core D a p p e a r s  t o  be 
growing in  t h e  a r e a  o f  enhanced  conve rgence  a lo n g  t h i s  p o r t i o n  o f  t h e  g u s t  
f r o n t .  The 7 km s e c t i o n  shows t h a t ,  a t  l e a s t  a l o f t ,  u p d r a f t  B s t i l l
dom ina te s  t h e  complex. A weak echo r e g i o n  i s  e v i d e n t  in  t h e  40 dbZ
c o n t o u r  n e a r  c o re  B ' s  c e n t e r .  I n t e r e s t i n g l y ,  w h i l e  t h e  a b s o l u t e  u p d r a f t  
maximum i s  n e a r  t h e  weak echo r e g i o n ,  u p d r a f t  B i s  q u i t e  e x t e n s i v e .  The 
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F i g .  27.  T h r e e - d im e n s io n a l  p e r s p e c t i v e  v iew o f  im p o r t a n t  f e a t u r e s  o f  
29 May 1976 Storm a t  2032. The v e r t i c a l  s c a l e  has been expanded by a 
f a c t o r  o f  t h r e e .  The v iewer  i s  look ing  d i r e c t l y  towards  t h e  N or th .  Data  
a r e  shown a t  t h r e e  l e v e l s  ( 1 ,  7 and 10 km). L i g h t  l i n e s  a r e  r e f l e c t i v i t y  
l a b e l e d  a t  10 dBZ i n t e r v a l s .  Shaded r e g i o n s  o u t l i n e d  w i th  heavy b l a c k  
l i n e s  a r e  u p d r a f t s  g r e a t e r  t h an  20 m s - l .  Unshaded a r e a s  i n t e r i o r  t o  
t h e s e  a r e  u p d r a f t s  g r e a t e r  than  40 m s - l .  Shaded a r e a s  w i th  dashed o u t ­
l i n e s  a r e  do w n d ra f t s  g r e a t e r  than  -20  m s - l .  Low l e v e l  g u s t  f r o n t  i s  
shown a t  1 km by heavy b l a c k  l i n e  w i th  b a r b s .  I n d i c a t e d  u p d r a f t  c o r e s  and 
f i d u c i a l  marks  a r e  t h e  same as  t h o s e  in  F i g .  26.
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CHAPTER V 
HAIL GROWTH MODEL: RESULTS
V.A I n t r o d u c t i o n  
Bas ic  model f e a t u r e s  were d e s c r i b e d  in  C h a p t e r  I I I .  The a n a l y s i s  
t e c h n i q u e  used b e g in s  embryo growth a t  2 km i n t e r v a l s  i n  the  h o r i z o n t a l  
and a t  1 km i n t e r v a l s  i n  t h e  v e r t i c a l  t h ro u g h o u t  a s u b g r i d  o f  t h e  volume 
d i s p l a y e d  in  F i g .  26.  In t h e  h o r i z o n t a l ,  t h e  s u b g r i d  i s  a 22x22 km a r e a  
c e n t e r e d  on the  30x30 km a n a l y s i s  r e g io n  ( s e e  F i g .  2 8 ) .  In t h e  v e r t i c a l ,  
t h e  s u b g r i d  l i e s  between 4 and 10 km ( i n c l u s i v e ) .  T h i s  subg r id  was chosen 
p a r t i a l l y  because  o f  computer  s t o r a g e  l i m i t a t i o n s  and p a r t i a l l y  be c au s e  i t  
i n c l u d e s  t h e  m ajo r  s torm u p d r a f t  r e g i o n s .  I n i t i a l  embryo d i a m e t e r s . a r e  
2 ,  6 ,  and 10 mm which encompass t h e  u s u a l l y  o b s e rv e d  embryo s i z e s  (Knigh t  
and K n i g h t ,  1970) .  T o ta l  number o f  s to n e s  grown were  1008 f o r  each  o f  t h e  
t h r e e  i n i t i a l  embryo d i a m e t e r s .
In t h e  s u b s e q u e n t  s u b s e c t i o n s  s e v e r a l  t o p i c s  a r e  d i sc u s s e d  
p e r t a i n i n g  t o  t h e  model r e s u l t s .  F i r s t  t h e  model o u t p u t  i s  checked f o r  
r e a l i s m .  I t  i s  o f  l i t t l e  v a lu e  i f  i t  can n o t  r e p r o d u c e  the  s a l i e n t  h a i l  
c h a r a c t e r i s t i c s  o f  t h e  s to rm .  The f o l l o w i n g  two s e c t i o n s  d e s c r i b e  g e n e ra l  
h a i l  growth c h a r a c t e r i s t i c s  and s p e c i f i c  t r a j e c t o r i e s .  Th is  l e a d s  to  
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F ig .  28. P o s i t i o n  o f  model h a i l s t o n e s  a t  1 km AGL as  t h e y  e x i t  t h e  model 
domain ( " f a l l o u t "  p o s i t i o n s ) .  The d o t s  r e p r e s e n t  h a i l s t o n e s  w i th  d i a m e t e r s  
>1 0 cm f o r  Do 's  o f  2 and 6 mm, and d i a m e te r s  >1.5 cm f o r  D q ' s  o f  10 mm.
The r e f l e c t i v i t y  f i e l d  (dBz) i s  a l s o  shown. The i n t e r i o r  22x22 km box 
shows t h e  h o r i z o n t a l  e x t e n t  o f  embryo s t a r t i n g  l o c a t i o n s  ( v e r t i c a l  e x t e n t  
was 4 to  10 km). T i c k  marks a r e  a t  10 km i n t e r v a l s .
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V.B Model Real ism 
U n f o r t u n a t e l y ,  t h e  s to rm  was n o t  i n  a l o c a t i o n  where d e t a i l e d  h a i l  
f a l l o u t  i n f o r m a t i o n  c o u ld  be o b t a i n e d  from th e  NSSL v o l u n t e e r  o b s e r v e r  
ne twork (Nelson and Young,  1979) .  NOAA Storm Data (U.S.  Department  o f  
Commerce, 1976) d i d  r e p o r t  maximum h a i l s t o n e  d i a m e t e r s  o f  4 t o  5 cm, b u t  
p r o v id e d  no i n f o r m a t i o n  on a r e a l  e x t e n t .  Maximum d ia m e te r  h a i l  produced  
by t h e  model was 5 . 8  cm. C o n s i d e r i n g  t h a t  m e l t i n g  i s  n o t  i n c l u d e d  in  t h e  
model ,  t h i s  i s  i n  good ag reemen t  w i th  t h e  NOAA r e p o r t .
A no th e r  f a c t o r  t o  be checked i s  w he the r  t h e  l a r g e  h a i l  f a l l s  o u t  in 
t h e  s t o r m ' s  h igh  r e f l e c t i v i t y  c o r e .  F ig u re  28 shows,  a t  t h e  l o w e s t  a n a l ­
y s i s  l e v e l  ( 1 . 0  km AGL), t h e  s to rm  r e f l e c t i v i t y  f i e l d  and h o r i z o n t a l  
l o c a t i o n  o f  each  h a i l s t o n e  t h a t  grows t o  a d i a m e t e r  >1 .0  cm f o r  i n i t i a l
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embryos o f  2 and 6 mm, and d i a m e te r s  >1 .5  cm f o r  10 mm embryos.  Al l  
t r a j e c t o r i e s  a r e  computed w i th  winds r e l a t i v e  t o  s torm mot ion;  t h e r e f o r e ,  
even though t h e  h a i l s t o n e s  do n o t  f a l l  o u t  a t  t h e  same t im e ,  t h e i r  l o c a ­
t i o n s  a r e  c o r r e c t  r e l a t i v e  t o  t h e  r e f l e c t i v i t y  f i e l d .  The i n t e r i o r  
22x22 km box shows t h e  h o r i z o n t a l  e x t e n t  o f  t h e  s t a r t i n g  embryo l o c a t i o n s  
f o r  each h e i g h t .  C o n s i d e r i n g  t h e  l a r g e  h o r i z o n t a l  and v e r t i c a l  e x t e n t s  o f  
t h e s e  s t a r t i n g  l o c a t i o n s ,  t h e  c o n c e n t r a t i o n  o f  h a i l s t o n e s  i s  q u i t e  
r e m a rk a b l e .  In  g e n e r a l ,  t h e y  f a l l  a long  t h e  Norman r a d a r ' s  45 dBZ c o re  
a x i s .  (The r e a d e r  sh o u ld  remember t h a t  t h i s  v a lu e  i s  abou t  10 dBZ too 
lo w . )  The s t o n e s  t h a t  f a l l  t o  t h e  r e f l e c t i v i t y  c o r e ' s  sou thw es t  m o s t l y
^ I n  t h e  a n a l y s i s  o f  t h e  h a i l  model ,  o n ly  model h a i l s t o n e s  t h a t  grow 
" s i g n i f i c a n t l y "  w i l l  be d i s c u s s e d .  For  i n i t i a l  embryos o f  2 o r  6 mm, 
s i g n i f i c a n t  growth  i s  a r b i t r a r i l y  d e f i n e d  as  hav in g  o c c u r r e d  i f  t h e  
h a i l s t o n e s  r e a c h  d i a m e t e r s  >1 .0  cm. For  embryos w i th  i n i t i a l  d i a m e t e r s  
o f  10 mm, t h i s  l i m i t  i s  1 .5  cm.
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o r i g i n a t e  n e a r  u p d r a f t  c o re  A. They a r r i v e  a t  t h e  s u r f a c e  abou t  10 min
a f t e r  t h e  model s t a r t  t ime  (2032) .  Note on F i g .  25 t h i s  a r e a  o f  t h e  s to rm
has  formed a h ig h  r e f l e c t i v i t y  c o re  by 2045.
Nelson and Young (1979)  found t h a t  s u p e r c e l l  s to rms  in  Oklahoma 
produce  h a i l  swa ths  w i t h  mean w id th s  o f  18.1 km ( s t a n d a r d  d e v i a t i o n ,
7 . 6  km). Using t h e  measured s to rm motion  (275° /157  m s " ^  and assuming 
s t e a d y  s t a t e  c o n d i t i o n s ,  t h e  model p r e d i c t s  t h e  s to rm would produce a 
swath  18 km in  w i d t h  ( F i g .  29) i n  e x c e l l e n t  ag reemen t  w i th  Nelson and 
Young.
V.C Embryo Source  Regions and General  Hai l  Growth 
C h a r a c t e r i s t i c s
I t  i s  n o t  n e c e s s a r i l y  t o  be e x p e c t e d  t h a t  h a i l  embryos o f  d i f f e r e n t
s i z e s  a r e  d i s t r i b u t e d  u n i fo r m ly  t h r o u g h o u t  t h e  s to rm volume as  has  been
assumed in  t h i s  model .  Th is  t e c h n i q u e ,  however ,  does i d e n t i f y  p o t e n t i a l  
h a i l  p r o d u c in g  a r e a s  and r e v e a l s  g e n e ra l  growth c h a r a c t e r i s t i c s .  Using 
r e a s o n i n g  based  on knowledge o f  s to rm  s t r u c t u r e s ,  t h i s  a n a l y s i s  l e a d s  t o  
s p e c u l a t i o n  on n a t u r a l  embryo s o u r c e s .  I t  a l s o  p o i n t s  o u t  l o c a t i o n s  where 
a r t i f i c i a l l y  i n d u c e d  embryos can be i n j e c t e d  t o  compete f o r  a v a i l a b l e  
l i q u i d  w a t e r  w h e t h e r  n a t u r a l  embryos a r e  p r e s e n t  o r  n o t .
A summary o f  t h e  mean growth c h a r a c t e r i s t i c s  a r e  g iven  in  T a b le  4.
The l i s t e d  d a t a  a p p ly  o n l y  t o  h a i l s t o n e s  t h a t  r e a c h  d i a m e te r s  >1.0 cm f o r
D ' s  o f  2 and 6 mm, and >1.5 cm f o r  o f  10 mm. The number o f  h a i l s t o n e s  
0  . -  0
t h a t  grow t o  t h e s e  s i z e s  i s  r e a l l y  q u i t e  small  c o n s i d e r i n g  t h e r e  were 
i n i t i a l l y  1 ,008 in  each s i z e  c a t e g o r y .  Thi s  i m p l i e s  o n l y  a small  volume o f  t h e  





Fig .  29.  Hai l  swath  (heavy b l a c k  l i n e s )  p r e d i c t e d  by model u s ing  s torm 
motion o f  2 7 5 ° / 1 5 . 7  m s " l .  R e f l e c t i v i t i e s  a r e  r e p e a t e d  from F ig .  28.
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T a b l e  4 .  Mean g row th  c h a r a c t e r i s t i c s  f o r  h a i l s t o n e s  w i t h  f i n a l  d i a m e t e r s  
> 1 . 0  cm f o r  Dq ' s o f  2 and 6 mm, and f o r  f i n a l  d i a m e t e r s  ^ 1 . 5  cm 
f o r  Dq o f  10 mm. The numbers  shown i n  p a r e n t h e s e s  a r e  s t a n d a r d  
d e v i a t i o n s .
/ o .
(mm) Number




% o f  S t o n e s  
t h a t  E x p e r i e n c e  
Wet Growth
Mean % o f  
Time i n  
Wet Growth
Mean % o f  Mass 
A c c u m u la te d  i n  
Wet Growth
2 114 1 . 3 ( 0 . 4 5 ) 1 3 . 3 ( 5 . 1 ) 6 0 . 5 1 7 . 7 ( 1 3 . 0 ) 2 6 . 8 ( 2 1 . 6 )
6 189 1 . 3 ( 0 . 5 6 ) 8 . 6 ( 3 . 8 ) 7 6 . 2 3 5 . 5 ( 1 8 . 9 ) 4 5 . 7 ( 2 3 . 6 )
10 134 1 . 9 ( 0 . 5 9 ) 7 . 3 ( 3 . 2 ) 8 4 . 3 4 1 . 5 ( 2 3 . 7 ) 5 2 . 3 ( 2 7 . 4 )
LOCO
d iam e te r s  i s  much l e s s  t h a n  t h e  sp re a d  o f  D^. In f a c t ,  t h e  mean d i a m e te r s  
f o r  Dq ' s o f  2 and 6 mm a r e  bo th  1.3  cm. E x p e c t e d l y ,  t h e  mean growth t im es  
( i n t e r v a l  between t h e  m o d e l ' s  s t a r t  t im e  and t h e  f a l l  o f  t h e  h a i l s t o n e  
below the  m e l t i n g  l e v e l )  show an i n v e r s e  r e l a t i o n s h i p  w i t h  0^. O v e r a l l ,  
t h e s e  t im es  a r e  f a i r l y  s h o r t  which l e n d s  c r e d e n c e  t o  t h e  assumpt ion o f  
s t a t i o n a r i t y  o f  t h e  D opp le r  d e r i v e d  wind f i e l d  ove r  t h e  h a i l  growth p e r i o d s .
A key f a c t o r  i n  h a i l  p r o d u c t i o n  i s  t h e  o c c u r r e n c e  o f  wet  growth due 
t o  i t s  s i g n i f i c a n c e  t o  m o d i f i c a t i o n  a t t e m p t s .  During w e t  growth ,  i c e  
c r y s t a l s  a r e  c o l l e c t e d  a s  r e a d i l y  a s  l i q u i d  w a t e r .  In mixed phase growth 
z one s ,  t h e r e f o r e ,  enough l i q u i d  w a t e r  must  be c o n v e r t e d  t o  i c e  t o  p r e v e n t  
wet  growth.  I f  t h e  w e t  growth  c a nno t  be p r e v e n t e d ,  t h e n  t h e  t o t a l  amount 
o f  w a t e r  mass a v a i l a b l e  f o r  h a i l  growth remains  c o n s t a n t .  In a d d i t i o n ,  
s i n c e  the  c lo u d  i c e  has  a l r e a d y  undergone a phase change ,  t h e r e  i s  no 
l a t e n t  h e a t  a s s o c i a t e d  w i t h  i t s  c o l l e c t i o n ,  and t h e  growth may a c t u a l l y  
p roceed  a t  an a c c e l e r a t e d  r a t e .  Th i s  p r o c e s s  w i l l  be e l a b o r a t e d  on l a t e r .  
Table  4 l i s t s  t h e  p e r c e n t a g e  o f  h a i l s t o n e s  t h a t  e x p e r i e n c e  " s i g n i f i c a n t "  
wet growth.  " S i g n i f i c a n t "  i s  d e f i n e d  as  wet  growth o f  d u r a t i o n  >30 sec  
t h a t  oc c u rs  o t h e r  t h a n  in  t h e  l a s t  30 seconds  j u s t  p r i o r  t o  t h e  h a i l s t o n e  
f a l l i n g  t h ro u g h  t h e  0° l e v e l  ( a l m o s t  a l l  h a i l s t o n e s  undergo  wet  growth 
du r in g  t h i s  t im e  p e r i o d ) .  As can be s e e n ,  t h e  p e r c e n t a g e  i n c r e a s e s  w i th  
i n c r e a s i n g  D^, bu t  i s  h ig h  in  a l l  c a s e s .  The a c t u a l  t im e  s p e n t  in  wet  
growth reg imes  i s  r e l a t i v e l y  low (mean p e r c e n t a g e s  o f  1 7 . 7 ,  3 5 .5 ,  and 
4 1 . 5 ) ,  bu t  t h e  mean p e r c e n t a g e  o f  mass a c q u i r e d  by t h e  h a i l s t o n e s  du r ing  
t h e s e  t im es  i s  s i g n i f i c a n t  ( 2 6 . 8 ,  4 5 . 7 ,  and 52.3%).  C e r t a i n l y , w e t  growth 
p l a y s  a s i g n i f i c a n t  p a r t  in  h a i l  growth in  t h i s  s to rm .
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Con tou rs  o f  f i n a l  h a i l s t o n e  d i a m e t e r  a s  a f u n c t i o n  o f  i n i t i a l  
embryo d i a m e t e r  (D^) and l o c a t i o n  a r e  g iv en  in  F i g .  30. For  example,  the  
1 .5  cm c o n t o u r  on t h e  m idd le  pane l  o f  t h e  5 km s e c t i o n  o f  F ig .  30 su r rounds  
t h e  be g in n in g  l o c a t i o n s  o f  a l l  h a i l s t o n e s  t h a t  grow to  a d i a m e t e r  > 1 .5  cm. 
For  o r i e n t a t i o n ,  r a d a r  r e f l e c t i v i t y  and u p d r a f t  a r e a s  a r e  a l s o  i n d i c a t e d .  
The t o p ,  m id d l e ,  and bo t tom p a n e l s  a r e  f o r  D^ 's  o f  2 ,  6,  and 10 mm, 
r e s p e c t i v e l y .  H e i g h t s  o f  each l e v e l  and t h e  e nv i ronm en ta l  and a d i a b a t i c  
c o re  t e m p e r a t u r e s  a r e  shown a t  t h e  t op  o f  each s e q u en c e .  In a d d i t i o n .  
T a b le  5 summarizes  t h e  number o f  g r i d  l o c a t i o n s  (hence  a r e a s )  t h a t  produce 
h a i l  o f  a g iv en  s i z e  a s  a f u n c t i o n  o f  i n i t i a l  h e i g h t  and 0^.
For  Dq = 6 mm t h e  i n i t i a l  growth a r e a  t h a t  p roduces  h a i l  ^ 1 . 0  cm 
maximizes  i n  t h e  6 t o  7 km range  (T a b le  5 and F i g .  30 ) .  T h i s  a r e a  l i e s  to  
t h e  s o u t h e a s t  o f  t h e  t h r e e  m ajo r  u p d r a f t  c o re s  i n  a c o r r i d o r  ( h e r e a f t e r  
c a l l e d  embryo c o r r i d o r )  t h a t  i s  a l i g n e d  from s o u th w e s t  to  n o r t h e a s t .  Note 
t h i s  i s  upwind o f  t h e  u p d r a f t  c o r e s  w i t h  r e s p e c t  t o  t h e  pr ime growth 
h e i g h t  around  6 t o  7 km (T^ = - 8  t o  - 1 5 °C ) .  The embryo c o r r i d o r ' s  wid th
a
g r a d u a l l y  grows and t h e n  narrows  w i th  h e i g h t .  Embryos t h a t  a r e  too  nea r  
t h e  u p d r a f t ' s  c e n t e r  a r e  u s u a l l y  c a r r i e d  a l o f t  where  growth i s  l i m i t e d  by 
low l i q u i d  w a t e r  c o n t e n t .  Embryos t oo  f a r  t o  t h e  s o u t h e a s t  ca n n o t  be 
s u p p o r t e d  by t h e  weak u p d r a f t s .  They,  t h e r e f o r e ,  s i n k  to  lower l e v e l s  
where t h e  w a t e r  c o n t e n t  i s  t oo  low,  t h e  t e m p e r a t u r e s  to o  warm, and t h e  
u p d r a f t s  t oo  weak t o  a l l o w  much growth .
T h i s  p a t t e r n  a l s o  p r e v a i l s  f o r  t h e  o t h e r  two D^ 's  a l t h o u g h ,  as  a 
g e n e ra l  r u l e  t h e  s m a l l e r  D^, t h e  f u r t h e r  av;ay i t s  i n i t i a l  p o s i t i o n  must be 
from t h e  u p d r a f t  c o r e  i n  o r d e r  t o  p roduce  l a r g e  h a i l .  I t  shou ld  be noted 
t h a t  e x c e p t  f o r  a few c a s e s  t o  be d i s c u s s e d  l a t e r ,  t h e  l a r g e s t  h a i l  always
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4  k m  T e  =  - 0 . 2 “ C  T g  = + 2 . 9 " C
3ÔI
Do = 2  mm
30'
40
Do = 6  mm30
30'
40
Do = 10 mm
Fi g .  30.  Contoured v a l u e s  o f  f i n a l  
h a i l s t o n e  d i a m e te r s  (cm, dashed  heavy 
l i n e s )  a s  a f u n c t i o n  o f  i n i t i a l  embryo 
s i z e  and l o c a t i o n .  T h a t  i s ,  t h e  con­
t o u r s  e n c l o s e  r e g i o n s  from which 
embryos emanate  and e v e n t u a l l y  grow to  
d i a m e t e r s  i n d i c a t e d  by t h e  c o n to u r  
m a g n i tu d e .  The t h i n  l i n e s  a r e  r e f l e c ­
t i v i t y  (dBz) .  Shaded a r e a s  de n o te  
u p d r a f t s  >20 m s~l w i t h  i n t e r i o r  
unshaded  a r e a s  r e p r e s e n t i n g  u p d r a f t s  
>40 m s - l . For  t h e  t o p ,  m idd le  and 
b o t tom  p a n e l s  Dq=2 ,  6 ,  and 10 mm, 
r e s p e c t i v e l y .  C r o s s - s e c t i o n  h e i g h t s ,  
e n v i r o n m e n t a l  and a d i a b a t i c  c o r e  
t e m p e r a t u r e s  (Tg, Tg) a r e  shown a t  
t h e  t op  o f  each sequence .
96
5  k m T e  = - 9 . 3 ° C  T q = - 2 . 3 ° C
40"
Do = 2 mm
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s t a r t s  s e v e r a l  k i l o m e t e r s  f rom t h e  m ajo r  u p d r a f t  c o r e s .  One i n t e r e s t i n g  
p o i n t  f o r  = 2 mm i s  t h e  l a c k  o f  a p r e f e r r e d  i n i t i a l  g rowth  l e v e l  above 
5 km ( s e e  T a b l e  5 ) .  T h i s  i m p l i e s  a ve ry  deep l a y e r  o v e r  which small  
embryos can  beg in  t h e i r  growth  t o  become l a r g e  h a i l .
I n  g e n e r a l ,  f o r  a g iv e n  p o i n t  t h e  l a r g e r  t h e  l a r g e r  t h e  f i n a l  
h a i l s t o n e .  T he re  a r e ,  however ,  e x c e p t i o n s .  For example ,  a t  5 km th e  
l a r g e s t  h a i l  p roduced  by c o r e  A ( so u th w e s t e r n m o s t  u p d r a f t )  a r e  from D^' s  
o f  2 and 10 mm. T h i s  i l l u s t r a t e s  t h e  complex f eedback  mechanisms in  t h e  
h a i l  g rowth  p r o c e s s .
T h e re  a r e  i n t e r e s t i n g  s u b s t r u c t u r e s  imbedded in  t h e  embryo c o r r i d o r .  
In g e n e r a l ,  t h e  l a r g e s t  h a i l  a t  each  l e v e l  i s  produced  in  t h e  dominant  
u p d r a f t  ( c o r e  B) ,  even though  f a i r l y  l a r g e  h a i l  ( - 2 . 5  cm) a l s o  grows in  
c o re  A. (Note t h a t  a l m o s t  a l l  h a i l s t o n e s  a d v e c t  tow ards  t h e  n o r th w e s t  as  
t h e y  g row) .  Core C does  produce  some h a i l  >1.0 cm, b u t  i t  i s  n o t  a 
p r o l i f i c  h a i l  p r o d u c e r .
Anomalously  l a r g e  h a i l  i s  formed in  small a r e a s  c l o s e  t o  t h e  main 
u p d r a f t  a s  i l l u s t r a t e d  in  F ig .  30 a t  8 km where 4 . 8 ,  4 . 8 ,  and 5 .8  cm h a i l  
a re  formed from D ^ 's  o f  2 ,  6 ,  and 10 mm. These l o c a l i z e d  maxima ( h e r e a f t e r  
c a l l e d  t h e  g i a n t  h a i l  a r e a ,  GHA) a l s o  o c c u r  a t  9 and 10 km f o r  D^ 's  o f  6 
and 10 mm. These  h a i l s t o n e s  grow t o  e x t r e m e ly  l a r g e  s i z e s  w h i l e  t h e i r  
immedia te  n e ig h b o r s  do n o t  because  o f  an i d e a l  b a l a n c e  between s e v e r a l  
f a c t o r s .  D e t a i l s  o f  t h e  growth o f  t h e s e  a s  wel l  as  o t h e r  h a i l s t o n e s  a r e  
g iv e n  in  t h e  n e x t  s e c t i o n .
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T a b l e  5.  Number o f  model g r i d  p o s i t i o n s  t h a t  p r o d u c e  h a i l  o f  a g i v e n  
s i z e  a s  a f u n c t i o n  o f  i n i t i a l  h e i g h t  and  d i a m e t e r  ( D ^ ) .
Dq = 2 mm
F i n a l  H a i l s t o n e  D i a m e t e r  (cm)
H e i g h t  (km) 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0  3 . 5  4 . 0  4 . 5 5 . 0  5 . 5  T o t a l %
4 2 2 1 . 8
5 9 3 12 1 0 .5
6 13 3 2 18 1 5 . 8
7 12 6 1 1 20 1 7 .5
8 8 9 2 1 20 1 7 .5
9 13 8 21 1 8 .4
10 13 6 2 21 1 8 .4
T o t a l 70 35 7 1 1 114
% 6 1 . 4 3 0 .7 6.1 0 . 9 0 . 9
Dq = 6 inrn
4 1 1 0 . 5
5 23 2 25 1 3 .2
6 24 17 1 42 2 2 . 2
7 24 10 6 1 41 2 1 .7
8 15 8 5 1 1 1 31 1 6 .4
9 12 7 4 1 1 25 1 3 .2
10 10 11 2 1 24 12 .7
T o t a l 109 55 18 2 2 3 189
% 5 7 .7 29 .1 9 . 5 1.1 1.1 1 . 6
I IK* I
Tabl e  5 ( Cont ' d )
Dq = 10 mm
H e i g h t  (km) 1 . 0 1 .5 2 . 0 2 . 5 3 . 0  3 . 5  4 . 0 4 . 5  5 . 0  5 . 5 T o t a l %
4 _ 0 0 . 0
5 - 6 6 4 . 5
6 - 19 9 28 2 0 . 9
7 - 11 14 5 30 2 2 . 4
8 - 9 5 8 1 1 24 1 7 .9
9 - 10 9 6 1 26 1 9 .4
10 - 10 7 2 1 20 1 4 .9
T o t a l 65 44 21 2 2 134
% — 4 8 . 5 3 2 . 8 1 5 .7 1 . 5 1 . 5oro
V.D S e l e c t e d  Growth T r a j e c t o r i e s  
The c o m ple x i ty  o f  t h e  i n t e r a c t i o n s  between t h e  h a i l s t o n e s  and t h e  
s t o r m ' s  t h e r m a l ,  m o i s t u r e ,  and wind f i e l d s  make each  h a i l s t o n e ' s  growth 
t r a j e c t o r y  u n ique .  A few exam ples ,  however ,  d e m o n s t r a t e  how t h e  growth 
p a t t e r n s  shown in  F ig .  30 e v o lv e d .
F i g u r e  31 g i v e s  a t h r e e - d i m e n s i o n a l  p e r s p e c t i v e  view^ o f  t h r e e  
h a i l s t o n e  t r a j e c t o r i e s  t h a t  grow from i n i t i a l  embryo d i a m e te r s  o f  5 mm.
The i n i t i a l  p o s i t i o n s  o f  t h e s e  t h r e e  s t o n e s ,  one a t  each s i d e  and one in  
t h e  c e n t e r  o f  t h e  embryo c o r r i d o r ,  a r e  shown by t h e  d o t s  a t  7 km in F i g .  30. 
In F i g .  31,  t h e  i n i t i a l  p o s i t i o n  o f  t h e  s t o n e  and i t s  su b s e q u e n t  p o s i t i o n s  
a t  two m in u te  i n t e r v a l s  a r e  c i r c l e d .  The c i r c l e s  a r e  drawn in p e r s p e c t i v e  
so t h a t  t h e y  become l a r g e r  as  t h e  t r a j e c t o r y  approaches  t h e  v iew er  and 
s m a l l e r  a s  i t  r e c e d e s .  The p o s i t i o n  o f  a s to n e  as  i t  e n t e r s  a r e f e r e n c e  
p l a n e  i s  i n d i c a t e d  by a c r o s s .  H o r i z o n t a l  p lan  views o f  t h e  same t r a j e c ­
t o r i e s  a r e  g iven  in  F i g .  32 a lo n g  w i t h  t h e  r a d a r  r e f l e c t i v i t y  and v e r t i c a l  
v e l o c i t y  f i e l d s  a t  7 km. S e l e c t e d  growth p a ra m e te r s  a r e  g iven  in  F i g .  33.
T r a j e c t o r y  1 shows t h e  p a th  o f  t h e  h a i l s t o n e  whose i n i t i a l  p o s i t i o n  
i s  c l o s e s t  t o  t h e  c e n t e r  o f  t h e  main u p d r a f t .  A f t e r  2 min ,  t h e  h a i l s t o n e  
i s  j u s t  e n t e r i n g  u p d r a f t  >20 m s"^ w i t h  a d i a m e te r  o f  0 . 8  cm and a t  a 
h e i g h t  o f  6 km ( F i g s .  32 and 3 3 ) .  As shown in  F i g .  33,  t h e  growth r a t e  
i n c r e a s e s  s t e a d i l y  f o r  t h e  f i r s t  4 m in u te s  as  t h e  h a i l s t o n e  e n c o u n te r s  t h e  
a d i a b a t i c  w a t e r  c o n t e n t  and b e g in s  t o  d e c l i n e  t h e r e a f t e r .  The d e c r e a s e  in .  
t h e  growth r a t e  i s  e x p l a i n e d  by t h e  c o r r e s p o n d in g  d e c l i n e  in  t h e  amount  o f  
l i q u i d  w a t e r  a v a i l a b l e  as  t h e  e n v i ronm en ta l  t e m p e r a t u r e  d rops  below -15°C.
4
All  t h r e e - d i m e n s i o n a l  g r a p h i c s  in  t h i s  d i s s e r t a t i o n  were produced by 
programs w r i t t e n  by V incen t  Wood o f  NSSL.
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F ig .  31.  T h r e e - d im e n s io n a l  p e r s p e c t i v e  view o f  h a i l s t o n e  t r a j e c t o r i e s .  
I n i t i a l  l o c a t i o n s  a r e  marked by c l o s e d  c i r c l e s  in  t h e  7 km l e v e l  o f  
F ig .  30 {Dq=6 mm). Open c i r c l e s  show t h e  h a i l s t o n e  p o s i t i o n s  a t  2 min 
i n t e r v a l s .  Note t h e s e  c i r c l e s  a p p e a r  l a r g e r  o r  s m a l l e r  as  t h e  t r a j e c t o r y  
moves towards  o r  away from th e  o b s e r v e r .  Crosses  show where t h e  t r a j e c ­
t o r i e s  c r o s s  t h e  i n d i c a t e d  p l a n e s .  The v e r t i c a l  s c a l e  has been expanded 
by a f a c t o r  o f  two.  The o b s e r v e r  i s  look ing  towards  t h e  NNW (343° ) .  
Growth p a ra m e te r s  o f  t h e s e  h a i l s t o n e s  a r e  shown in  F i g .  33.
F i g .  32. P l a n  view o f  t h r e e  h a i l  
t r a j e c t o r i e s  shown in  F ig .  31.  
H e ig h t s  o f  t h e  h a i l s t o n e s  a r e  
shown a t  two minu te  i n t e r v a l s  
a lo n g  t h e  t r a j e c t o r i e s .  For 
r e f e r e n c e  t h e  7 km r e f l e c t i v i t y  
and v e r t i c a l  v e l o c i t y  f i e l d s  a r e  
superimposed  ( s e e  F ig .  26) .  T i c k  
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F ig .  33.  Time h i s t o r y  o f  h a i l s t o n e  h e i g h t  and growth p a r a m e t e r s .  D - 
d i a m e t e r  (cm);  dm/d t  -  mass t im e  r a t e  o f  change (g s " ‘ ) ;  Tg,Ta -  t em pera ­
t u r e  o f  h a i l s t o n e  s u r f a c e  and growth e nv i ronm en t  ( °C ) .  The Tg cu rve  
t e r m i n a t e s  when t h e  h a i l s t o n e  f a l l s  below t h e  0°C l e v e l .  ( 1 ) ,  ( 2 ) ,  and 
(3)  a r e  f o r  h a i l s t o n e  t r a j e c t o r i e s  1 ,  2 ,  and 3 shown in  F i g s .  31 and 32.
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A f t e r  4 min o f  g ro w th ,  t h e  h a i l s t o n e  has  r eached  t h e  c e n t e r  o f  the  u p d r a f t  
and c o n t i n u e s  t o  r i s e  r a p i d l y  i n  i t  even though t h e  h a i l s t o n e  d i a m e te r  i s  
now 1 .3  cm. A f t e r  5 min t h e  h a i l s t o n e  has  r i s e n  to  8 km where the  
e nv i ro n m en ta l  t e m p e r a t u r e  i s  c o l d e r  than  -25°C and a l l  growth has s toppe d  
due t o  t h e  l a c k  o f  l i q u i d  w a t e r .
In  c o n t r a s t  t o  t h e  t r a j e c t o r y  d e s c r i b e d  above ,  t h e  growth h i s t o r y  
o f  h a i l s t o n e  3 i s  l i m i t e d  by o p p o s i t e  f a c t o r s ,  a s  shown in  F i g s .  31,  32,  
and 33.  I t  e n c o u n t e r s  t h e  l i q u i d  w a t e r  r i c h  u p d r a f t  f o l l o w i n g  about  
4 m in u te s  o f  g ro w th ,  b u t  a t  t h i s  t ime i t  has descended  t o  5 km where t h e  
e n v i ro n m en ta l  t e m p e r a t u r e  (~-2°C) i s  too  warm t o  a l l o w  much o f  t h e  a c c r e t e d  
w a t e r  t o  f r e e z e .
S e v e ra l  f a c t o r s  f a v o r a b l y  a f f e c t  t h e  growth  o f  h a i l s t o n e  2
( F i g s .  31,  32 ,  3 3 ) .  From 0 t o ' 3 min i t  i s  c a r r i e d  a l o f t  and e x p e r i e n c e s
some growth in  c o r e  D. By t h e  t ime  i t  r e a c h e s  t h e  main u p d r a f t ,  i t  i s
s t i l l  above 6 km and i s  1 . 8  cm in d i a m e te r .  The r e s i d e n c e  t im e  o f  t h i s
h a i l s t o n e  in  t h e  main u p d r a f t  ( 4 -7  min) i s  a t  a f a i r l y  c o n s t a n t  h e i g h t  and 
i n  a t e m p e r a t u r e  r eg ime ( - 1 0  t o  -20°C) t h a t  f a v o r s  growth .  T h i s  r e s u l t s  
b e c ause  i t  i s  growing r a p i d l y  enough t h a t  i t s  h i g h e r  t e r m in a l  v e l o c i t y  
somewhat c o u n t e r a c t s  t h e  p r o g r e s s i v e l y  s t r o n g e r  u p d r a f t s  i t  e x p e r i e n c e s .  
T h i s  b a la n c e  i s  e x t r e m e l y  i m p o r t a n t  and w i t h o u t  i t  t h e  h a i l s t o n e  w i l l  no t
grow to  a l a r g e  s i z e .  In a d d i t i o n ,  t h e  l i q u i d  w a t e r  i t  e n c o u n te r s  i s
s u f f i c i e n t  t o  c a u s e  we t  growth o v e r  a long  t im e  p e r i o d  and ,  t h u s ,  i t  i s  
a b l e  t o  growth by c o l l e c t i n g  i c e  as  w e l l .
F i g u r e s  34-37 g i v e  t h e  t r a j e c t o r y ,  g rowth  p a r a m e t e r s ,  and model 
o u t p u t  o f  a h a i l s t o n e  from t h e  g i a n t  h a i l  a r e a  (GHA) d e s c r i b e d  in V.C.
The i n i t i a l  l o c a t i o n  o f  t h i s  s t o n e  i s  shown a t  8 km o f  Fig .  30 (0^ = 6 mm)
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Fig, 34. Three-dimensional trajectory o f  a hailstone in the giant hail 
area. Starting location is  shown by the closed c ir c le  on the 8 km section  
o f Fig. 30 (0q=6 mm). Growth parameters are shown in Fig. 36. The 









F i g .  35. P la n  view o f  h a i l  t r a j e c t o r y  shown in  F i g .  34 .  See F ig .  32 f o r
















F i g .  36.  Time h i s t o r y  o f  h e i g h t  and growth  p a r a m e t e r s  o f  h a i l s t o n e  shown 
in  F ig .  34 and 35.  See F i g .  33 f o r  f u r t h e r  e x p l a n a t i o n .
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F ig .  37. Hail  growth model o u t p u t  f o r  h a i l s t o n e  i n  F i g s .  34 and 35.
See F i g .  22 f o r  f u r t h e r  e x p l a n a t i o n .
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In  t h i s  l o c a t i o n ,  t h e  h o r i z o n t a l  f low i s  f a i r l y  weak and t h e  h a i l s t o n e  
rem a ins  i n  a small  r e g i o n  on t h e  e a s t e r n  edge o f  t h e  u p d r a f t  f o r  6 min 
( F i g .  3 5 ) .  During t h i s  t im e  i t  grows a t  a m odera te  r a t e  t o  o v e r  2 cm in 
d i a m e t e r .  I t  th en  r i s e s  above 7 .5  km and i s  c a u g h t  in  f low t h a t  c a r r i e s  
i t  a c r o s s  t h e  u p d r a f t  where i t s  maximum growth o c c u rs  (6 -10  m in ) .  Because 
t h e  h a i l s t o n e  i s  q u i t e  l a r g e  i t  grows in  t h e  wet  mode even though  t h e  
e n v i ronm en ta l  t e m p e r a t u r e  i s  l e s s  t h an  -15°C ( F ig .  3 7 ) ,  and c o l l e c t s  
a lm o s t  as  much i c e  as  s u p e r c o o l e d  l i q u i d  w a t e r .  In  f a c t ,  b e c a u s e  no 
l a t e n t  h e a t  i s  a s s o c i a t e d  w i t h  t h e  c o l l e c t i o n  o f  i c e  c r y s t a l s ,  t h e  h a i l ­
s t o n e  grows l a r g e r  th an  i t  would have had a l l  t h e  w a t e r  mass been l i q u i d .  
T h a t  i s ,  f o r  a g iven  s e t  o f  e nv i ronm en ta l  c o n d i t i o n s  t h e r e  i s  a maximum 
amount  o f  l i q u i d  w a t e r  t h a t  can be f r o z e n  due t o  t h e  h a i l s t o n e ' s  h e a t  
b u d g e t .  I f  a l l  t h e  c lo u d  w a t e r  pe r  u n i t  volume t h a t  c a n n o t  be f r o z e n  i s  
c o n v e r t e d  t o  i c e ,  b e f o r e  c o l l e c t i o n  th en  a l l  w a t e r  mass ,  w h e th e r  l i q u i d  o r  
s o l i d ,  w i l l  be c o l l e c t e d .  T h i s  i s  t r u e  as  long a s  t h e r e  i s  enough l i q u i d  
w a t e r  t o  a l lo w  th e  h a i l s t o n e  t o  grow in  a we t  mode. A m a jo r  r o l e  o f  i c e  
c o l l e c t i o n  in  h a i l  p r o d u c t i o n  has  no t  been e s t a b l i s h e d ,  b u t  l a b o r a t o r y  
e x p e r im e n t s  i n d i c a t e  t h a t  i t  can n o t  be d i s m i s s e d  (Ashworth and K n ig h t ,  
1978) .  An i m p o r t a n t  p a r t  o f  t h e  growth o f  t h e  g i a n t  h a i l s t o n e  d i s c u s s e d  
above  and a few o t h e r  h a i l s t o n e s  from t h e  model may be a t t r i b u t e d  t o  t h e  
c o l l e c t i o n  o f  i c e  c r y s t a l s .  For  g l a c i a t i o n  m o d i f i c a t i o n  e f f o r t s ,  t h i s  
i m p l i e s  a p o s s i b l e  h a i l  growth  enhancement  i f  i n s u f f i c i e n t  l i q u i d  w a t e r  i s  
f r o z e n  to  p r e v e n t  we t  g row th .  I t  sho u ld  be no ted  t h i s  a rgum ent  i g n o r e s  
any  dynamical  e f f e c t s  on t h e  s to rm when t h e  l a t e n t  h e a t  i s  r e l e a s e d  as  
t h i s  e xc es s  l i q u i d  w a t e r  f r e e z e s .
I l l
V.E P o s s i b l e  Embryo Sources
The model i n d i c a t e s  two r e g i o n s  t h rough  which l a r g e  h a i l  embryos 
cou ld  p a s s — t h e  GHA and embryo c o r r i d o r .  The GHA does n o t  produce a l a r g e  
enough h a i l  a r e a  a t  t h e  s u r f a c e  t o  accoun t  f o r  swath w i d t h s  t y p i c a l l y  
obse rved  in  t h e s e  s to r m s .  C o n s e q u e n t ly ,  i t  i s  l o g i c a l  t o  assume t h a t  t h e  
embryos o f  some s i g n i f i c a n t  h a i l  (>1 .0  cm) r e a c h i n g  t h e  s u r f a c e  must  a t  
some t im e  p a s s  t h rough  t h e  embryo c o r r i d o r .
F i g u r e s  38 and 39 a r e  v e r t i c a l  s e c t i o n s  o f  t h e  wind and h a i l  da ta  
shown in  F i g s .  26 and 30 ,  r e s p e c t i v e l y .  Both a r e  c o n s t r u c t e d  a lo ng  t h e  
l i n e  shown in  t h e  8 km s e c t i o n  o f  Fig .  30 (D^ = 6 mm). T h i s  v e r t i c a l  
p lane  was chosen because  i t  i n t e r s e c t s  t h e  GHA, embryo c o r r i d o r ,  and 
u p d r a f t  c o r e s  B and D. In a d d i t i o n ,  above 5 km t h e  f low p e r p e n d i c u l a r  t o  
t h i s  s e c t i o n  i s  s m a l l ;  t h e r e f o r e ,  hydrometeors  i n  t h i s  p l a n e  tend  to  
remain t h e r e .
One mechanism by which embryos f i n d  t h e i r  way i n t o  t h e  embryo 
c o r r i d o r  i s  by t r a n s p o r t  f rom above .  F ig u re  38 i n d i c a t e s  a f low s t r u c t u r e  
whereby smal l  hydrometeors  c o u ld  grow as t h e y  a r e  c a r r i e d  a l o f t  and then 
a d v e c t e d  t o  t h e  e a s t  o r  s o u t h e a s t  in  t h e  o u t f l o w  and i n t o  t h e  c r i t i c a l  
r e g i o n s .  Once t h e  p a r t i c l e s  a r e  c a r r i e d  t o  v e ry  c o ld  t e m p e r a t u r e s  and 
away from t h e  u p d r a f t ,  most  growth would s t o p .  S i g n i f i c a n t  growth would 
n o t  begin  a g a i n  u n t i l  t h e  hydrometeors  r e - e n t e r  t h e  u p d r a f t  th rough  
s e d i m e n t a t i o n  and a d v e c t i o n .  T h i s  h y p o t h e s i s  p r o v i d e s  t h e  o f t e n  obse rved  
d i s c o n t i n u i t y  in  growth c h a r a c t e r i s t i c s  between embryos and h a i l  (Knight  
and K n igh t ,  1970) .  In g e n e r a l ,  t h i s  i n j e c t i o n  mechanism a g r e e s  w i t h  t h o se  
proposed  by s e v e r a l  a u t h o r s  ( e . g . .  Browning, 1963;  Nelson and Braham,
1975; Browning and F o o te ,  1976; and Bensch,  1976) .  T he re  i s ,  however,  a
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Fig^ 38. V e r t i c a l  s e c t i o n  o f  r e f l e c t i v i t y  and v e r t i c a l  v e l o c i t y  ( t o p ,  
m s " ' )  and r e f l e c t i v i t y  and wind v e c t o r s  ( b o t to m ) .  Th is  v e r t i c a l  s e c t i o n  
i s  shown on t h e  8 km h o r i z o n t a l  p l a n e  i n  F i g .  30. For  t h e  wind v e c t o r s  a 
1 km l e n g t h  r e p r e s e n t s  10 m s “ ‘ i n  speed .  The r e f l e c t i v i t y  f i e l d  i s  
c o n to u re d  a t  5 dBz i n t e r v a l s  and l a b e l e d  i n  t h e  top s e c t i o n  o n l y .
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F ig .  39.  V e r t i c a l  s e c t i o n s  o f  d a t a  shown in Fig.  30.  Dashed l i n e s  a r e  
f i n a l  h a i l  s i z e s  i n  cm; l i g h t  l i n e s  a r e  r e f l e c t i v i t y  c o n to u r e d  e ve ry  
5 dBz. These  s e c t i o n s  a r e  t h e  same as  i n  F i g .  38. The "E" marks the  
embryo c o r r i d o r .
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s i g n i f i c a n t  d i f f e r e n c e  from t h e  Browning and Foote  model d e s c r i b e d  in  I . 8 . 2 .  
They p o s t u l a t e  t h a t  embryos form in  a small  r e g i o n  n e a r  t h e  s t a g n a t i o n  
p o i n t  be tween  env i ro n m en ta l  f low  and s to rm u p d r a f t .  T h i s  model s u g g e s t s  
t h e  p a r t i c l e s  which become embryos c ou ld  form o v e r  a much l a r g e r  volume in  
t h e  u p p e r  l e v e l  o u t f l o w / o v e r h a n g  b ecause  a wide r an g e  o f  hydrometeor  
growth r a t e s  (hence  V^) and s to rm  f low  can p roduce  c o r r e c t l y  s i z e d  embryos 
i n  l o c a t i o n s  c r i t i c a l  t o  t h e  p r o d u c t i o n  o f  l a r g e  h a i l .
A no th e r  s i m i l a r  mechanism f o r  embryo i n j e c t i o n  i s  t h e  t r a n s f e r  o f  
h y d ro m e teo r s  from t h e  f l a n k i n g  l i n e  c e l l s  t o  t h e  dominant  c o r e .
F i g u r e s  40 and 41 show an example o f  t h i s  p r o c e s s .  The p a r t i c l e  (D^ = 2 mm) 
b e g in s  a t  t h e  10 km l e v e l  i n  t h e  o u t f l o w  o f  u p d r a f t  c o re  A. From h e re  i t  
f a l l s  and d r i f t s  t o  t h e  n o r t h e a s t  u n t i l  i t  i s  c a u g h t  in  c o re  D. By the  
t im e  i t  e x i t s  c o r e  D, i t  has grown t o  a bou t  4-5 mm in  d i a m e t e r .  F u r t h e r  
growth  i s  s i m i l a r  t o  t r a j e c t o r y  1 o f  F ig .  31. T h i s  p a r t i c u l a r  p a r t i c l e  
has  a lo ng  growth t im e  (>30 m in ) ;  t h e r e f o r e ,  i t s  growth h i s t o r y  may n o t  be 
v a l i d  s i n c e  t h i s  v i o l a t e s  t h e  s t a t i o n a r i t y  a s sum pt ion  o f  t h e  wind f i e l d .
In  a m u l t i c e l l u l a r  Co lo rado  h a i l s t o r m ,  Heym sfie ld  e t  (1980)  
found embryo t r a n s f e r  between c e l l s ,  r a t h e r  than  from t h e  uppe r  l e v e l  
o u t f l o w ,  t o  be t h e  more i m p o r t a n t  embryo s o u r c e .  T h e i r  s to rm p o s s e s s e d  a 
much s m a l l e r  o u t f l o w  th an  t h e  s u p e r c e l l  s to rm p r e s e n t e d  h e r e .  The ve ry  l a r g e  
o u t f l o w  in  t h i s  c a s e  a p p e a r s  t o  be as  l i k e l y  an embryo source  a s  t h e  f e e d e r  
c l o u d s .  The uppe r  l e v e l  o u t f l o w  i s  a l s o  more l i k e l y  t o  p r o v id e  a c o n t i n ­
uous s u p p ly  o f  embryos in  a g reem en t  w i th  t h e  c o n t i n u o u s  h a i l  p r o d u c t i o n  
c h a r a c t e r i s t i c s  o f  s u p e r c e l l  s to r m s .
Both t h e  uppe r  l e v e l  o u t f l o w  and c e l l  t r a n s f e r  embryo i n j e c t i o n  
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F i g .  4 0 .  T h r e e  d i m e n s i o n a l  t r a j e c t o r y  o f  embryo t h a t  o r i g i n a t e s  i n  
o u t f l o w  o f  c o r e  A. Growth p a r a m e t e r s  a r e  g i v e n  i n  F i g .  41.  The 
o b s e r v e r  i s  l o o k i n g  t o w a r d s  t h e  n o r t h  ( 6 ° ) .  S ee  F i g .  31 f o r  f u r t h e r  
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Fig .  41 .  Time h i s t o r y  o f  h e i g h t  and g rowth  p a ra m e te r s  o f  h a i l s t o n e  shown 
in  F ig ,  40. See F ig .  33 f o r  f u r t h e r  e x p l a n a t i o n .
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f i n d i n g s  o f  Knight  and Kn igh t  (1978)  t h a t  t h e  m a j o r i t y  o f  embryos in  
Oklahoma a r e  f r o z e n  d ro p s .  T h e i r  d a t a  i s  n o t  s t r a t i f i e d  a s  t o  s torm 
s t r u c t u r e ,  b u t  t h e  case  f o r  m o s t l y  f r o z e n  drop  embryos i n  Oklahoma i s  
q u i t e  s t r o n g .  F i g u r e  38 s u g g e s t s  two ways t h a t  f ro z e n  drop  embryos m igh t  
be fo rm ed .  The f i r s t  i s  t h a t  g r a u p e l  embryos from t h e  o u t f l o w  migh t  s i n k  
below t h e  m e l t i n g  l e v e l  (4 -5  km) b e f o r e  be ing  c a r r i e d  a l o f t  a g a in .
A nother  p o s s i b i l i t y  i s  t h a t  a few g i a n t  p a r t i c l e s  migh t  be grown in  t h e  
r e l a t i v e l y  weak u p d r a f t s  o f  c o re  D and then  c a r r i e d  a l o f t  t o  f r e e z e .
In d e e d ,  i t  i s  p o s s i b l e  t h a t  bo th  g rau p e l  and f ro z e n  drop embryos a r e  
produced  and then  c a r r i e d  t o  t h e  common growth a r e a .  T h i s  s c e n a r i o  i s  in  
ag reemen t  w i th  t h e  embryo s t u d i e s  o f  Ros in sk i  e t  al_. (1979 ) .
The GHA i s  an i n t e r e s t i n g  phenomenon. I t s  e x i s t e n c e  depends on an 
i d e a l  b a l a n c e  between t h e  i n i t i a l  embryo s i z e ,  h a i l s t o n e  growth r a t e ,  and 
t h r e e - d i m e n s i o n a l  wind f i e l d .  The key growth c h a r a c t e r i s t i c  i s  t h e  c o l l e c ­
t i o n  o f  s u b s t a n t i a l  i c e  mass in  a mixed phase  growth r e g i o n .  While i t  i s  
n o t  u n r e a s o n a b l e  t o  b e l i e v e  such a r e g i o n  cou ld  e x i s t ,  i t s  l i f e t i m e  and 
l o c a t i o n  would p robab ly  be t r a n s i e n t .  There i s  a l s o  t h e  q u e s t i o n  o f  where 
t h e  p r o p e r  s i z e d  embryos o r i g i n a t e .  I t  i s  d i f f i c u l t  to  d e m o n s t ra t e  t h e  
GHA's e x i s t e n c e  on i n d i r e c t  e v id e n c e  and indeed  i t  may be s t r i c t l y  an 
a r t i f a c t  o f  t h i s  model . The p o i n t  most  in  i t s  f a v o r  i s  t h a t  i t  p roduces  
h a i l  f a i r l y  c l o s e  t o  t h e  maximum s i z e  obse rved  a t  t h e  s u r f a c e .  The GHA 




Hai l  p ro d u c t io n  in  a s u p e r c e l l - t y p e  s torm i s  s t u d i e d  in  dep th  us ing  
a n um er ica l  h a i l  growth model ,  env i ronm en ta l  sounding  d a t a ,  and wind 
f i e l d s  f rom a t r i p l e  D opple r  s y n t h e s i s .  The s t u d y  c o n c e n t r a t e s  on id en ­
t i f y i n g  embryo sou rc e  r e g i o n s  and a n a ly z in g  t h e  i n t e r a c t i o n  between t h e  
growing h a i l s t o n e  and t h e  s t o r m ' s  t h e r m a l ,  m o i s t u r e  and wind f i e l d s .
VI.A Dopp le r  A n a l y s i s  Techn iques 
T r i p l e  Doppler  d a t a  a v a i l a b l e  f o r  t h i s  s to rm a r e  o f  r a t h e r  poor  
q u a l i t y .  The a n g le  between t h e  t h r e e  r a d a r  beams i s  f a r  from optimum and 
d a t a  i s  m i s s in g  from t h e  l o w e s t  and h i g h e s t  s to rm  l e v e l s .  T h i s  i s  o f  
l i t t l e  consequence  f o r  o b t a i n i n g  th e  h o r i z o n t a l  v e l o c i t i e s ,  b u t  i s  o f  
pr ime im por ta nc e  in  d e r i v i n g  t h e  v e r t i c a l  v e l o c i t y  (w). A d e t a i l e d  
a n a l y s i s  i s  made o f  t h e  e r r o r s  a s s o c i a t e d  w i th  s o l v i n g  t h e  c o n t i n u i t y  
e q u a t i o n  t o  o b t a i n  w. P o s s i b l e  e r r o r s  due to  numer ica l  a p p rox im a t ions  
d i c t a t e  f i l t e r i n g  t h e  d a t a  i n  t h r e e  d imens ions  t o  remove s c a l e s  l e s s  than  
a b o u t  f o u r  t im es  t h e  d a t a  s p a c i n g .  S i n c e  the  e x a c t  n a t u r e  o f  t h e  f i l t e r i n g  
p r o p e r t i e s  o f  i n t e r p o l a t i n g  schemes i s  u s u a l l y  unknown, a s e p a r a t e  t h r e e -  
d im e n s io n a l  f i l t e r  sh o u ld  be a p p l i e d .  The f i l t e r i n g  p r o c e s s ,  o f  c o u r s e ,  
p l a c e s  a l i m i t  on t h e  s m a l l e s t  v e l o c i t y  s c a l e s  t h a t  can be r e s o l v e d  
s u c c e s s f u l l y .  For  t h i s  p a r t i c u l a r  c a s e ,  t h i s  l i m i t  i s  a b o u t  4 km.
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F u r t h e r  i n v e s t i g a t i o n  showed t h a t  t h e  d i r e c t i o n  o f  i n t e g r a t i o n  i s  
i m p o r t a n t .  The c o n s t r a i n t  o f  mass c o n t i n u i t y  causes  small e r r o r s  in  
v e r t i c a l  v e l o c i t y  t o  grow t o  l a r g e  e r r o r s  a s  t h e y  a r e  i n t e g r a t e d  upward. 
When t h e  d i r e c t i o n  o f  i n t e g r a t i o n  i s  downward, v e r t i c a l  v e l o c i t y  e r r o r s  
become i n c r e a s i n g l y  l e s s  i m p o r t a n t .  E r r o r s  in  v e r t i c a l  v e l o c i t y  can come 
from s e v e r a l  s o u r c e s — n o i s y  o r  i n c o r r e c t  r a d i a l  v e l o c i t i e s ,  i n c o r r e c t  
boundary  c o n d i t i o n s ,  n um er ica l  a p p ro x im a t io n  e r r o r s .  The i m p o r t a n t  p o i n t  
i s  t h a t  f o r  l i k e  v e r t i c a l  v e l o c i t y  i n a c c u r a c i e s  downward i n t e g r a t i o n  
s u p p r e s s e s  t h e  e r r o r s  w h i l e  upward i n t e g r a t i o n  a m p l i f i e s  them. In some 
c a s e s  t h i s  a m p l i f i c a t i o n  can c o m p l e t e l y  mask t h e  s i g n a l .  Even though  
i n t e g r a t i o n  downward s u p p r e s s e s  e r r o r s ,  t h e y  can s t i l l  a c cu m u la te  to  
u n a c c e p t a b l e  v a l u e s .  Fo l low ing  O 'B r i e n  ( 1 9 7 0 ) ,  a f o r m u la t io n  was d e r i v e d  
t o  c o r r e c t  t h e  v e r t i c a l  v e l o c i t i e s  u s in g  t h e  c o n s t r a i n t  t h a t  w goes  to  
z e r o  a t  t h e  e a r t h ' s  s u r f a c e .  A m ajo r  a d v a n ta g e  o f  t h i s  a d j u s t m e n t  i s  t h a t  
i t  does n o t  r e q u i r e  c o n t i n u o u s  d a ta  th ro u g h  t h e  e n t i r e  s torm d e p t h ,  only 
t h a t  d a t a  e x i s t  n e a r  t h e  e a r t h ' s  s u r f a c e .  In  t h e  a r e a  o f  echo overhangs  
no a d j u s t m e n t  i s  p o s s i b l e .  I n t e g r a t i n g  downward however, t h e  number o f  
i n t e g r a t i o n  s t e p s  a n d ,  h e n c e ,  t h e  a c c u m u la t io n  o f  e r r o r s ,  sho u ld  be sm a l l .  
Using upward i n t e g r a t i o n ,  any s o l u t i o n  a t  a l l  would be most d i f f i c u l t .
The main problem w i t h  downward i n t e g r a t i o n  l i e s  in e s t a b l i s h i n g  th e  
t o p  bounda ry  c o n d i t i o n .  Four  t e c h n i q u e s  have been d e s c r i b e d  i n  I I . E . 2 bu t  
o t h e r s  a r e  c e r t a i n l y  p o s s i b l e .  Al though  t h e r e  a r e  d e f i n i t e  a d v a n ta g e s  t o  
u s i n g  t h e s e  s o l u t i o n  t e c h n i q u e s  an e x c e p t i o n  o c c u rs  when t h e  r e s e a r c h e r  i s  
i n t e r e s t e d  o n l y  i n  t h e  l o w e s t  few k i l o m e t e r s .  In such a c a s e ,  i n t e g r a t i o n  
upward i s  p r e f e r r e d  s i n c e  t h e  boundary c o n d i t i o n  would be good and any 
ac cum ula te d  e r r o r s  would be min imal .  I f ,  however ,  w a t  m idd le  and h ig h e r
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l e v e l s  i s  d e s i r e d ,  downward i n t e g r a t i o n  would p r o v i d e  more a c c u r a t e  
r e s u l t s  e s p e c i a l l y  i f  t h e  d a t a  a r e  o f  low q u a l i t y  o r  in co m p le t e .
VLB Storm S t r u c t u r e
The s t o r m ' s  r e f l e c t i v i t y  and h o r i z o n t a l  wind f i e l d s  a r e  v e ry
s i m i l a r  t o  o t h e r  s u p e r c e l l  s to rms  r e p o r t e d  p r e v i o u s l y  in  t h e  l i t e r a t u r e .
The lower l e v e l s  e x h i b i t  a c i r c u l a t i o n  a b o u t  a  v e r t i c a l  a x i s  w i t h  i t s
c o n c o m i t a n t  hook echo .  In t h e  m i d l e v e l s ,  a weak echo reg io n  i s  p r e s e n t
and a l o f t  an e x t e n s i v e  overhang i s  a s s o c i a t e d  w i t h  s t r o n g  d i v e r g e n c e .  The
v e r t i c a l  d r a f t  s t r u c t u r e ,  however ,  i s  f a i r l y  complex and d i f f e r s  i n  some
r e s p e c t s  f rom p r e v i o u s  c o n c e p tu a l  m ode l s .  The c l a s s i c a l  u p d r a f t / d o w n d r a f t
- 1 1
c o u p l e t  i s  p r e s e n t  w i th  maximum v a l u e s  o f  +51 m s “ a t  7 km and -25 m s" 
a t  5 km, r e s p e c t i v e l y .  There  a r e ,  however ,  o t h e r  m ajo r  u p d r a f t s .  To t h e  
n o r t h e a s t  o f  t h e  dominant  co re  i s  a r e l a t i v e l y  weak u p d r a f t  w i th  no wel l  
d e f i n e d  maximum. The r o l e  o f  t h i s  d r a f t  i s  n o t  known. One p o s s i b i l i t y  i s  
t h a t  i t  i s  a rem nan t  o f  a p u l s a t i o n  on t h e  g e n e r a l  u p d r a f t  r e g i o n .  The 
o t h e r  two u p d r a f t s  ( c o r e s  A and D),  w h i l e  s m a l l e r  than  t h e  main u p d r a f t ,  
a r e  q u i t e  v i g o r o u s - - + 4 2  and +35 m s ~ \  r e s p e c t i v e l y .  Both o f  t h e s e  c e l l s  
formed on a g u s t  f r o n t  t h a t  i n i t i a l l y  ex te nde d  e a s t w a r d  and then  t u r n e d  
sou th w es tward  from t h e  p r im ary  c i r c u l a t i o n  marked by t h e  hook echo .  I t  i s  
assumed t h a t  t h e s e  a r e  what  have been termed " f l a n k i n g  l i n e  c e l l s . "
F igu re  42 shows a r e v i s e d  c o n c e p tu a l  s u p e r c e l l  s torm model based  on 
t h e  r e s u l t s  o f  t h i s  s t u d y .  The r e a d e r  may wish  t o  c o n t r a s t  t h i s  w i t h  t h e  
Browning-Foote  model shown in  F i g .  3c .  In r e g a r d s  t o  s to rm  s t r u c t u r e , two 
f e a t u r e s  a r e  emphas ized  in  t h e  new model .  F i r s t  i s  t h e  q u i t e  l a r g e  e x t e n t  






Fig.  42. Revi sed  c o n c e p t u a l  s u p e r c e l l  h a i l s t o r m  model . L i g h t  l i n e s  a r e  
r e f l e c t i v i t y  (dBz) ,  shaded  a r e a s  u p d r a f t  ^20 m s " '  w i t h  i n t e r i o r  unshaded 
>40 m s"T .  Heavy l i n e s  show embryo and h a i l s t o r m  t r a j e c t o r i e s .  S o l i d  
l i n e  w i t h  ba rbs  a t  t h e  1 km shows t h e  g u s t  f r o n t  p o s i t i o n .  See t e x t  f o r  
f u r t h e r  e x p l a n a t i o n .
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t h e  weak echo r e g i o n .  The second f e a t u r e  i s  t h e  a d d i t i o n  o f  a f l a n k i n g  
l i n e  c e l l  t h a t  has formed on t h e  low l e v e l  g u s t  f r o n t .  The im por tance  o f  
t h e s e  f e a t u r e s  t o  h a i l  growth i s  d i s c u s s e d  below.
VI.C Hai l  P r o d u c t i o n  
The q u e s t i o n  o f  how t h i s  s torm p r o d u c e s  l a r g e  h a i l  i s  a d d r e s s e d  
u s in g  a c o n t i n u o u s  c o l l e c t i o n  growth model .  The h a i l  m o d e l ' s  wind f i e l d  
i s  t aken  from t h e  Doppler  s y n t h e s i s  and i s  assumed to  be s t a t i o n a r y  du r ing  
th e  growth p r o c e s s .  For  most  h a i l s t o n e s ,  t h i s  i s  p ro b a b ly  v a l i d  s i n c e  
a v e ra g e  growth t im es  a r e  t y p i c a l l y  l e s s  t h a n  10 min. An a t t e m p t  i s  made 
to  s i m u l a t e  t h e  t h r e e - d i m e n s i o n a l  v a r i a t i o n s  o f  t h e  the rmal  and m o i s t u r e  
f i e l d s .  T h i s  i s  accompli shed  based  on an e nv i ronm en ta l  sounding  and th e  
few in  s i t u  o b s e r v a t i o n s  on u p d r a f t  c h a r a c t e r i s t i c s  r e p o r t e d  in t h e  
l i t e r a t u r e .  Embryos o f  t h r e e  d i f f e r e n t  s i z e s  (D^ = 2,  6,  and 10 mm) a r e  
d i s t r i b u t e d  a t  2 km i n t e r v a l s  over  a 22x22 km g r i d  c e n t e r e d  on t h e  s to rm  
between 4 and 10 km. In a c t u a l i t y ,  embryos a r e  p r o b a b ly  no t  d i s t r i b u t e d  
un i fo r m ly  a c r o s s  t h e  s to rm .  T h i s  approach  does  i d e n t i f y  t h e  a r e a  t h rough  
which embryos must pa s s  i n  o r d e r  t o  p roduce  l a r g e  h a i l .  Th is  r e g i o n ,  
termed t h e  embryo c o r r i d o r ,  shou ld  n o t  be emphas ized s i n c e  i t  has no r e a l  
m ic r o p h y s i c a l  s i g n i f i c a n c e .  Tha t  i s ,  t h e  embryo c o r r i d o r  deno te s  o n ly  one 
p o i n t  i n  a c o n t i n u o u s  growth p r o c e s s .  Knowing t h i s  l o c a t i o n ,  however ,  
a l low s  s p e c u l a t i o n  on embryo growth and s o u r c e s .  A l i k e l y  mechanism i s  
s imply  by p a r t i c l e s  a d v e c t i n g  from above .  F i g u r e  42 shows h y p o t h e t i c a l  
embryo and h a i l  growth t r a j e c t o r i e s  super imposed  on t h e  concep tua l  s torm 
model .  The embryo shown by grows in  t h e  u p d r a f t  u n t i l  i t  r e a c h e s  t h e  
uppe r  l e v e l  o u t f lo w  and i s  c a r r i e d  away from t h e  u p d r a f t  where most  growth
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s t o p s .  From h e re  t h e  p a r t i c l e  may e i t h e r  de scend  d i r e c t l y  i n to  the  embryo 
c o r r i d o r  o r  pe rha ps  f a l l  below t h e  f r e e z i n g  l e v e l ,  b e f o r e  being caugh t  in  
t h e  u p d r a f t  and r i s i n g  a g a i n .
The f l a n k i n g  l i n e  c e l l s  may a l s o  p r o v id e  a s o u r c e  o f  embryos. For  
example ,  one model embryo in  t h e  upper  l e v e l  o u t f l o w  o f  a f l a n k i n g  l i n e  
c e l l  d id  f i n d  i t s  way i n t o  t h e  embryo c o r r i d o r  ( p o s i t i o n  Eg on F ig .  42) .  
Ano the r  p a r t i c l e  ( n o t  p r e v i o u s l y  shown) took  a lower  t r a j e c t o r y  and grew
t o  2 .2  cm in  d i a m e te r  a lo n g  a t r a j e c t o r y  s i m i l a r  t o  HgH^ on Fig.  42.  The 
t r a n s f e r  o f  embryos between c e l l s  i s  s u p p o r t e d  by Heym sfie ld  e t  
(1980)  who found s i m i l a r  p r o c e s s e s  in  a Co lorado  m u l t i c e l l u l a r  s to rm.
As d e s c r i b e d  in  C h a p t e r  I ,  Browning and Foo te  s u g g e s t  embryos o f  
l a r g e  h a i l  beg in  t h e i r  growth in  a f a i r l y  small  a r e a  n e a r  t h e  s t a g n a t i o n  
p o i n t  between e nv i ronm en ta l  f low  and t h e  s to rm .  In  t h e  p r e s e n t  model ,  i t  
i s  n o t  p o s s i b l e  t o  narrow t h e  embryo s o u rc e  r e g io n  t o  a p a r t i c u l a r  a r e a .  
To begin  w i t h ,  t h e  embryo c o r r i d o r  a r e a  i s  f a i r l y  l a r g e .  Embryos o f  t h e  
c o r r e c t  s i z e  can e n t e r  t h e  c o r r i d o r  v i a  an a lm os t  i n f i n i t e  number o f  
growth  r a t e s  in  com bina t ion  w i t h  the  s t o r m ' s  f low s t r u c t u r e .  Add t o  t h i s  
t h e  p o s s i b i l i t y  o f  embryos o r i g i n a t i n g  i n  f l a n k i n g  l i n e  c e l l s ,  and th e  
s o u r c e s  o f  embryos and t h e i r  growth h i s t o r i e s  a r e  l i k e l y  q u i t e  v a r i e d .  
T h i s  view i s  s u p p o r t e d  by Ros insk i  ^  (1979)  who r e p o r t e d  t h a t  a c t u a l
embryos from a g iven  s to rm  appeared  t o  o r i g i n a t e  in  d i f f e r e n t  l o c a l e s .
The embryos grow i n t o  h a i l  by a d v e c t i n g  i n t o  t h e  main u p d r a f t .  
S i g n i f i c a n t  growth does n o t  beg in  u n t i l  t h e y  e n c o u n t e r  t h e  c loud w a te r  
r i c h  u p d r a f t  which may e x p l a i n  t h e  ob s e rv e d  growth d i s c o n t i n u i t y  between 
t h e  embryo and h a i l s t o n e .  A h a i l s t o n e  grows t o  i t s  maximum s i z e  i f  i t  
r em ains  a t  a l e v e l  where t h e  t e m p e r a t u r e s  a r e  ve ry  c o l d ,  and t h e r e  i s  a
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s i g n i f i c a n t  amount o f  l i q u i d  w a t e r .  As t h e  h a i l s t o n e  e n t e r s  t h e  u p d r a f t ,  
i t  e x p e r i e n c e s  two c o n f l i c t i n g  f a c t o r s .  I t s  newly added mass c a u s e s  t h e  
p a r t i c l e  t o  s i n k ,  w h i l e  t h e  i n c r e a s i n g l y  s t r o n g e r  u p d r a f t  has  t h e  o p p o s i t e  
e f f e c t .  The g r e a t e s t  g rowth  in  t h e  u p d r a f t  o c c u r s  where t h e  g r a d i e n t  o f  
i n c r e a s e d  t e r m i n a l  v e l o c i t y  ( i . e . ,  mass )  i s  n e a r l y  b a la n c e d  by t h e  g r a d i e n t
o f  s t r o n g e r  u p d r a f t .  T h i s  r e g i o n  i s  shown in  F i g .  42 by and a l s o
HgHg. Any s t o n e  in  t h e  v e ry  s t r o n g e s t  u p d r a f t  c a n n o t  i n c r e a s e  i t s  t e r m in a l  
v e l o c i t y  q u i c k l y  enough t o  a v o id  r i s i n g  t o  r e g i o n s  w i t h  c o l d e r  t e m p e r a t u r e s  
and  l e s s  l i q u i d  w a t e r .  A h a i l s t o n e  in  r e l a t i v e l y  weak u p d r a f t  s i n k s  t o  
warmer t e m p e r a t u r e s  b e c au s e  o f  i t s  i n c r e a s e d  t e r m in a l  v e l o c i t y .  T h i s  
d e s c r i p t i o n  a g r e e s  w i t h  t h e  r e s u l t s  o f  a o ne -d im ens iona l  d e t a i l e d  m ic r o ­
p h y s i c a l  model by Danie l  sen e t  £]_. ( 1 9 7 2 ) .  They found t h a t  t h e  l a r g e s t  
h a i l s t o n e s  grow in  15 t o  30 m s"^ u p d r a f t s .  Browning and Foote  (1976)  
a l s o  a l l u d e  t o  t h i s  a f f e c t  in  t h e i r  c o n c e p tu a l  model .  T h e i r  e x p l a n a t i o n  
d i s a g r e e s  w i t h  t h i s  c a s e  i n  one i m p o r t a n t  a s p e c t .  They h y p o t h e s i z e  t h e  
h a i l s t o n e s  t r a v e r s e  t h e  u p d r a f t  by t u r n i n g  away from th e  "embryo c u r t a i n "  
and  a d v e c t i n g  a c r o s s  t h e  weak echo r e g i o n  ( F i g .  3 ) .  In t h e  s to rm r e p o r t e d  
h e r e ,  t h e  Dopp le r  wind and r e f l e c t i v i t y  f i e l d s  show t h e  embryo c u r t a i n  i s  
a l i g n e d  p e r p e n d i c u l a r  t o  t h e  u p d r a f t ' s  m a jo r  a x i s .  The growth t r a j e c t o r i e s  
a l s o  show t h a t  t h e  l a r g e s t  h a i l  grows i n  t h i s  r e g i o n .  I t  seems l i k e l y  
t h a t  t h e  embryo c u r t a i n  a c t u a l l y  d e m a r c a t e s  t h e  r e g i o n  o f  maximum h a i l  
g r o w t h . I t  seems a p p r o p r i a t e ,  t h e r e f o r e ,  t o  rename t h i s  a r e a  as  t h e  " h a i l  
c u r t a i n . "  The h a i l  c u r t a i n  has  i m p o r t a n t  i m p l i c a t i o n s  f o r  m o d i f i c a t i o n  
a t t e m p t s  t h a t  w i l l  be m en t ioned  l a t e r .  Because o f  t h e  p o s s i b i l i t y  o f  
l a r g e  h a i l ,  t h i s  r e g i o n  s h o u ld  be p e n e t r a t e d  w i t h  ex treme c a u t i o n  by 
in  s i t u  s e n s o r s  such a s  t h e  T-28 a rmored  a i r c r a f t  (Sand and S c h l e u s e n e r ,  
1974) .
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The model a l s o  r e v e a l s  one way i n  which a  h a i l s t o n e  cou ld  grow ve ry  
r a p i d l y  a t  f a i r l y  c o l d  t e m p e r a t u r e s  (< -1 5 °C ) .  The c r i t i c a l  f a c t o r  i s  t h a t  
t h e  h a i l s t o n e  must  be l a r g e  enough t o  grow in  t h e  wet  mode in  a mixed 
phase  r e g io n  even w i t h  r e l a t i v e l y  l i t t l e  l i q u i d  c lo u d  w a t e r .  I f  t h i s  
o c c u r s ,  t h e  h a i l s t o n e  can a c t u a l l y  grow a t  a f a s t e r  r a t e  t h an  i f  t h e  
env i ronm en ta l  w a t e r  were  a l l  l i q u i d .  T h i s  i s  because  when t h e  h a i l s t o n e  
s u r f a c e  i s  w e t ,  any i c e  e n c o u n te re d  w i l l  l i k e l y  s t i c k  t o  t h e  h a i l s t o n e .
S in c e  t h e r e  i s  no l a t e n t  h e a t  o f  f u s i o n  t o  be d i s s i p a t e d ,  more mass can be 
added than  i f  t h e  h a i l s t o n e  were c o l l e c t i n g  on ly  s u p e r c o o l e d  l i q u i d  w a t e r .  
T h i s  s i t u a t i o n  o c c u r r s  i n  t h i s  model w i t h  a few h a i l s t o n e s  c a u g h t  i n  l i g h t  
h o r i z o n t a l  f low  on t h e  s o u t h e a s t e r n  u p d r a f t  edge .  The h a i l s t o n e s  remain 
t h e r e  f o r  a b o u t  6 min w h i l e  t h e y  grow t o  a b o u t  2 cm in  d i a m e t e r .  They 
f i n a l l y  t r a v e r s e  a c r o s s  t h e  u p d r a f t  and grow in  t h e  we t  mode d e s p i t e  the  
d e c r e a s i n g  l i q u i d  and i n c r e a s i n g  i c e  w a t e r  c o n t e n t s .  The growth r a t e  
d u r in g  t h e  s h o r t  t r a v e r s e  a c r o s s  t h e  u p d r a f t  i s  q u i t e  r e m a rk a b l e .  The 
c r i t i c a l  b a l a n c e  n e c e s s a r y  f o r  t h i s  t y p e  o f  growth o c c u r s  o n ly  in  very 
r e s t r i c t i v e  model l o c a t i o n s  and may be an a r t i f a c t .  I t  i s  n o t  u n r e a s o n a b le ,  
however ,  t o  b e l i e v e  such  i c e  c r y s t a l  c o l l e c t i o n  c ou ld  o c c u r .  The p o s s i b l e  
enhanced growth  p o t e n t i a l  makes t h i s  s u b j e c t  wor thy  o f  f u r t h e r  s tu d y .
VI.D I m p l i c a t i o n s  f o r  M o d i f i c a t i o n  
The model r e s u l t s  p r o v id e  i n s i g h t  i n t o  m o d i f i c a t i o n  s t r a t e g i e s  f o r  
t h i s  s to rm  t y p e .  In  t h e  f o l l o w i n g  d i s c u s s i o n s  i t  i s  assumed t h e  m o d i f i c a ­
t i o n  goal  w i l l  be t o  r e d u c e  t h e  maximum h a i l  s i z e .  Such s i d e  e f f e c t s  as 
d e c r e a s e d  p r e c i p i t a t i o n ,  more and s m a l l e r  h a i l s t o n e s ,  and i n c r e a s e d  l a t e n t  
h e a t  a r e  n o t  a d d r e s s e d .
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Three  h a i l  s u p p r e s s i o n  methods a r e  c u r r e n t l y  in  t h e  f o r e f r o n t  o f  
m o d i f i c a t i o n  t e c h n i q u e s — g l a c i a t i o n ,  b e n e f i c i a l  c o m p e t i t i o n ,  and t r a j e c t o r y  
l o w e r i n g .  G l a c i a t i o n  i n v o lv e s  f r e e z i n g  t h e  s u p e rc o o le d  w a t e r  so t h a t  
l i t t l e  i s  a v a i l a b l e  f o r  h a i l  g row th .  The g l a c i a t i o n  c o n c e p t  i s  g e n e r a l l y  
r e g a r d e d  a s  u n f e a s i b l e  in  s to rm s  w i t h  s t r o n g  u p d r a f t s  because  o f  t h e  high 
s e e d in g  r a t e s  r e q u i r e d  t o  f r e e z e  t h e  l i q u i d  w a t e r .  For example,  Young 
(1977)  c a l c u l a t e d  t h a t  an Agi s e e d i n g  r a t e  o f  between 0.1 and 1 .0  kg min '^  
km" would be r e q u i r e d  t o  g l a c i a t e  50% o f  c lo u d  w a t e r  between c lo u d  base  
and t h e  -15*C l e v e l .  I f  t h e  pr ime growth a r e a  i s  d e f i n e d  by t h e  w i d t h  o f  
t h e  h a i l  c u r t a i n  and t h e  u p d r a f t ,  t h e  h o r i z o n t a l  a r e a  would be a bou t  
5x5 km, y i e l d i n g  a s e e d i n g  r a t e  o f  between 2 .5  and 25 kg m i n " \  Assuming 
a 30 min l i f e t i m e  t h i s  r e q u i r e s  75 t o  750 kg o f  s eed ing  m a t e r i a l .
The b a s i s  o f  b e n e f i c i a l  c o m p e t i t i o n  i s  t h e  p r o d u c t io n  o f  a d d i t i o n a l  
embryos to  compete  w i t h  n a t u r a l  ones f o r  t h e  a v a i l a b l e  l i q u i d  w a t e r .  
T a r g e t i n g  t h e  s e e d in g  m a t e r i a l  t o  p roduce  t h e  a r t i f i c a l  embryos i s  c r i t i c a l .  
T h i s  s t u d y  shows t h a t  i d e n t i f y i n g  t h e s e  f o rm a t i o n  r eg io n s  may prove  t o  be 
q u i t e  d i f f i c u l t .  I f  t h e r e  i s  one l o c a l e  from which l a r g e  h a i l  embryos 
emerge,  i t  i s  n o t  obv ious  from t h e  p r e s e n t e d  d a t a .  O ve ra l l  t h i s  app roach  
looks  q u i t e  d i f f i c u l t .
T r a j e c t o r y  l ow e r ing  i s  e s s e n t i a l l y  a form o f  c o m p e t i t i o n .  I t  
d i f f e r s  in  t h a t  t h e  a r t i f i c a l l y  induced  and n a t u r a l  embryos a r e  n o t  
c o l o c a t e d .  R a t h e r ,  t h e  a r t i f i c i a l  embryos a r e  t a r g e t e d  t o  grow i n  a lower 
t r a j e c t o r y  so t h e y  d e p l e t e  t h e  l i q u i d  w a t e r  b e f o r e  i t  r e a c h e s  t h e  pr ime 
growth r e g i o n  (Young, 1977) . I t  i s  s u g g e s t e d  t h a t  none o f  t h e  a r t i f i c i a l  
embryos w i l l  grow i n t o  l a r g e  h a i l  s i n c e  t h ey  spend l i t t l e  o r  no t im e  in  
t h e  pr ime growth r e g i o n .  The c r i t i c a l  problem i s  to  f i n d  an a r e a  below
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t h e  pr ime growth  l e v e l  where a r t i f i c i a l  embryos can grow t o  an o p t i m a l l y  
m odera te  s i z e .  In a d d i t i o n ,  a r t i f i c i a l  embryo t r a j e c t o r i e s  sho u ld  n o t  be 
t oo  f a r  below t h e  pr ime growth r e g i o n .  I f  t h e y  a r e ,  t h e  g r e a t e s t  p e r c e n ta g e  
o f  l i q u i d  w a t e r  in  t h e  pr ime growth zone c o u ld  come from c o n d e n s a t io n  
r a t h e r  th an  a d v e c t i o n  from th e  lower l e v e l s .  The 5 km l e v e l  o f  F i g .  30 
s u g g e s t s  a s u i t a b l e  a r e a  may e x i s t  i n  t h i s  s u p e r c e l l  s to rm .  I f  a s u f f i c i e n t  
number o f  embryos 2 t o  6 mm in d i a m e te r  can be produced  s o u t h e a s t  o f  
c o r e  D, t h e y  co u ld  s i g n i f i c a n t l y  d e c r e a s e  t h e  l i q u i d  w a t e r  a v a i l a b l e  in  
t h e  6 t o  8 km r a n g e .  F i g u re s  43 and 44 d e m o n s t r a t e  t h e  b a s i s  f o r  t h i s  
p r o c e s s .  They show t h e  growth h i s t o r y  o f  two 6 mm embryos— one b e g inn ing  
a t  5 km and t h e  o t h e r  d i r e c t l y  above i t  a t  7 km. Note t h a t  t h e  two t r a ­
j e c t o r i e s  a r e  b a s i c a l l y  p a r a l l e l ,  b u t  t h e  lower h a i l s t o n e  o n ly  grows to  
1 ,6  cm w h i l e  t h e  h i g h e r  one exceeds  3 cm. Can a p p r o p r i a t e l y  s i z e d  embryos 
in  s u f f i c i e n t  q u a n t i t y  be c r e a t e d  a t  t h e  c r i t i c a l  l o c a t i o n s ?  Q u e s t io n s  
such as  t h i s  can o n l y  be answered by d e t a i l e d  m ic r o p h y s i c a l  models  and 
e x p e r i m e n t a t i o n .  T h i s  work shows, however ,  t h a t  t h e  p o s s i b i l i t y  does e x i s t  
f o r  s u c c e s s f u l  s u p p r e s s i o n  th rough  t r a j e c t o r y  low e r ing .
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F i g .  4 3 .  T h r e e - d i m e n s i o n a l  h a i l s t o n e  t r a j e c t o r i e s .  T r a j e c t o r y  2 b e g i n s  i t s  g row th  2 km d i r e c t l y  
a b o v e  t r a j e c t o r y  1.  Growth p a r a m e t e r s  a r e  shown i n  F i g .  44.  The o b s e r v e r  i s  l o o k i n g  to w a r d s  t h e  
s o u t h - s o u t h w e s t  ( 2 2 5 ° ) .  See  F i g .  31 f o r  f u r t h e r  d e t a i l s .
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F i g .  44.  Time h i s t o r y  o f  h e i g h t  and growth  p a ra m e te r s  o f  h a i l s t o n e  shown 
i n  F i g .  43.  (1)  T r a j e c t o r y  1; (2 )  T r a j e c t o r y  2. See F ig .  33 f o r  f u r t h e r
e x p l a n a t i o n .
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APPENDIX A 
MULTIPLE DOPPLER PROGRAMMING SYSTEM
The t r i p l e  Doppler  s y n t h e s i s  t e c h n i q u e s  d e s c r i b e d  in  C h a p te r  I I  
r e p r e s e n t  o n ly  one s t e p  i n  t h e  complex p r o c e s s  o f  m u l t i p l e  D opple r  d a t a  
a n a l y s i s .  The f o l l o w i n g  b r i e f l y  d e s c r i b e s  p r o c e d u r e s  used in  a n a l y s i s  o f  
d a t a  i n  t h i s  s t u d y .  T h i s  d i s c u s s i o n  c l o s e l y  f o l l o w s  t h a t  o f  Brown e t  a l . ,  
1980.  The r e a d e r  i s  r e f e r r e d  to  t h i s  r e f e r e n c e  f o r  a more comple te  
t r e a t m e n t .
F i g u r e  A .l  ( a f t e r  Brown e;t , 1980) shows t h e  v a r i o u s  s t e p s  
n e c e s s a r y  t o  p r o c e s s  m u l t i p l e  Dopp le r  d a t a .  These a r e :
1. C o n s o l i d a t i o n
2.  E d i t i n g
3.  I n t e r p o l a t i o n  t o  a G r id
4.  S y n t h e s i s
5. K inemat ic  A n a l y s i s
6.  D i s p l a y
Programs t o  per fo rm  e d i t i n g  and t r i p l e  D opp le r  s y n t h e s i s  were c o n t r i b u t e d  
by t h i s  a u t h o r .
A . l  C o n s o l i d a t i o n
The f i r s t  s t e p  i s  t o  r ead  t h e  d a t a  f rom t h e  i n p u t  t a p e s .  At  t h i s  



























F i g .  A1. S t e p s  i n v o lv e d  i n  p r o c e s s i n g  m u l t i p l e  Doppler  d a t a  ( a f t e r  Brown 
e t  a j_ . , 1980) .  The m u l t i p l e  Doppler  programming sys tem i s  e n c lo s e d  w i t h i n  
t h e  heavy b l a c k  l i n e .
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r e t a i n  on ly  d a t a  n e c e s s a r y  t o  pe r fo rm  t h e  d e s i r e d  a n a l y s e s .  T h i s  p ro ce d u re  
s a v e s  t ime  in  t h e  f o l l o w i n g  p r o c e s s i n g  s t e p s .
A . 2 E d i t i n g
T h is  i s  one o f  t h e  most  c r i t i c a l  s t e p s  in  t h e  s y n t h e s i s  p r o c e d u r e .  
Da ta  e r r o r s  a r e  most e a s i l y  r e c o g n i z e d  a t  t h i s  s t a g e .  E d i t i n g  i s  an a l l  
encompass ing  p r o c e d u r e  t h a t  i n v o l v e s  c heck ing  a n d / o r  c o r r e c t i n g  v a r i o u s  
a s p e c t s  o f  t h e  d a t a .  Most r e q u i r e d  m o d i f i c a t i o n s  can be accom pl i shed  a t  
t h e  same t im e .  S p e c i f i c a l l y ,  t h e  f o l l o w i n g  a r e  checked .
1.  Equipment  Problems -  T h i s  i n c l u d e s  dropped b i t s  on t h e  d i g i t a l  
r e c o r d i n g ,  i n c o r r e c t  d a t e s ,  t i m e s ,  e l e v a t i o n s ,  a z i m u t h s ,  e t c .  
Under  normal c i r c u m s t a n c e s ,  t h e  t a p e s  sho u ld  be f r e e  o f  such 
problems b e f o r e  be ing  r e l e a s e d  t o  t h e  u s e r .  Problems do c reep  
t h r o u g h ,  however ,  and t h e  u s e r  must  check f o r  them.
2.  Noisy Data  -  I n c o r r e c t  mean v e l o c i t y  e s t i m a t e s  u s u a l l y  o c c u r  
because  o f  low s i g n a l s .  The obv ious  s o l u t i o n  i s  t o  a l l o w  o n ly  
d a t a  w i t h  high  s i g n a l - t o - n o i se  (SNR) r a t i o s  i n t o  t h e  a n a l y s i s .
A h igh  SNR c u t  e l i m i n a t e s  most  bad d a t a  b u t  i t  a l s o  d e l e t e s  many 
good v e l o c i t y  e s t i m a t e s .  A low c u t  r e t a i n s  most  good e s t i m a t e s  
b u t  a l l o w s  many bad p o i n t s  i n t o  t h e  a n a l y s i s .  I f  t h e  u s e r  i s  
n o t  i n t e r e s t e d  i n  p o r t i o n s  o f  t h e  s to rm  w i t h  low s i g n a l ,  t hen  
t h e  SNR shou ld  be s e t  q u i t e  h ig h .  I f  a n a l y s i s  in  such a r e a s  as  
weak echo r e g i o n s  i s  d e s i r e d ,  t h en  t h e  c u t  shou ld  be low. In  
t h e  l a t t e r  c a s e ,  t h e  u s e r  must i n s p e c t  t h e  d a t a  c a r e f u l l y  and 
e l i m i n a t e  p o i n t s  t h a t  a p p e a r  t o  be in  e r r o r .  T h i s  r e q u i r e s  a 
g r e a t  amount o f  t ime and s u b j e c t i v i t y .  In a lm os t  a l l  c a s e s  some
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bad d a t a  w i l l  e s ca p e  d e t e c t i o n .  T h i s  r e s u l t s  In  anomalous 
v e l o c i t i e s  o f t e n  on th e  e c h o ' s  p e r i p h e r y .
3 .  V e l o c i t y  A l i a s i n g  -  Each r a d a r  i s  c h a r a c t e r i z e d  by a maximum
unambiguous v e l o c i t y  (±v^ ) .  I f  t h e  measured v e l o c i t y  exceeds 
±Vg, i t  w i l l  " f o l d "  and a p p e a r  a s  a v e l o c i t y  i n  e r r o r  by 2v^.
For  example,  v^ f o r  the  Norman D opp le r  i s  ±35 m s " \  A
+40 m s"^ v e l o c i t y  w i l l  a p p e a r  a s  -30  m s"^ (40 -  2 x 35 m s “ ^ ) .
R o u t i n e s  e x i s t  t o  a u t o m a t i c a l l y  d e t e c t  and u n f o ld  t h e s e  a l i a s e d  
v e l o c i t i e s .  The most  commonly used  method i s  a  s h e a r  check 
be tween r a d i a l  d a t a  p o i n t s .  T h i s  i s  based on t h e  assumpt ion  
t h a t  n a t u r a l l y  o c c u r r in g  r a d i a l  s h e a r s  w i l l  a lways be l e s s  than  
t h o s e  caused by v e l o c i t y  f o l d i n g .  T h i s  t e c h n i q u e  sometimes 
f a i l s  because  o f  n o i sy  d a t a  o r ,  more r a r e l y ,  e x t r e m e l y  l a r g e  
n a t u r a l  s h e a r s .  Because o f  t h e s e  f a i l u r e s ,  however ,  t h e  u s e r  
m us t  i n s p e c t  t h e  e n t i r e  Doppler  v e l o c i t y  f i e l d .
A . 3 I n t e r p o l a t i o n  t o  a Grid
For  t h i s  s tu d y  t h e  a n a l y s i s  domain i s  t y p i c a l l y  60x60x20 km or  
s m a l l e r .  T rue  n o r th  i s  a l i g n e d  th rough  t h e  g r i d  c e n t e r .  The " h o r i z o n t a l "  
p l a n e s  a r e  a c t u a l l y  cu rved  c o n c e n t r i c  a r c s  a t  c o n s t a n t  h e i g h t s  above th e  
ground .  The t h r e e  d im ens iona l  l o c a t i o n s  o f  each g r i d  and d a t a  p o i n t  a r e  
known in  r e l a t i o n s h i p  t o  a f i x e d  o r i g i n  ^ u s u a l l y  one o f  t h e  r a d a r s ) .  Data 
a r e  i n t e r p o l a t e d  t o  t h e  g r i d  us ing  a Cressman w e ig h t in g  f u n c t i o n  (Brown, 
1976) w i t h  a v a r i a b l e  r a d i u s  of  i n f l u e n c e  p r o p o r t i o n a l  t o  t h e  d a t a  sp a c in g .  
T y p i c a l l y  10 t o  20 d a t a  p o i n t s  a r e  used  i n  computing a g r i d  p o i n t  v a lu e .  
S inc e  a t i l t  sequence  i s  completed o y e r  a f i n i t e  t ime p e r i o d  ( -5  m in ) ,  t h e
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d a t a  a r e  a d j u s t e d  b e f o r e  i n t e r p o l a t i o n  t o  a common r e f e r e n c e  t ime by a 
t i m e - t o - s p a c e  c o r r e c t i o n  u s in g  s torm mot ion as  t h e  d i s p l a c e m e n t  v e c t o r .  
These  s p a t i a l  c o r r e c t i o n s  a r e  t y p i c a l l y  l e s s  than  1 km. For  f u r t h e r  
a n a l y s i s  t h e s e  q u a s i - h o r i z o n t a l  p l a n e s  a r e  assumed t o  be f l a t ,  r e c t i l i n e a r  
g r i d s .  T h i s  r e s u l t s  in  d i s t o r t i o n s  o f  l e s s  than  10 m. Such d i s t o r t i o n s  
a r e  much s m a l l e r  than  u n c e r t a i n t i e s  i n  d a t a  p o s i t i o n i n g  due t o  f i n i t e  beam 
w i d t h s ,  a n te n n a  a l i g n m e n t ,  e t c .
A .4 S y n t h e s i s
The s y n t h e s i s  t e c h n i q u e s  used a r e  d e s c r i b e d  in  C h a p t e r  I I .
A . 5 Kinemat ic  A n a l y s i s / D i s p l a y
Using t h e  computed u ,v ,w ,  and w f i e l d s ,  t h e  k i n e m a t i c  and d i s p l a y  
programs compute such q u a n t i t i e s  as d i v e r g e n c e ,  v o r t i c i t y ,  wind v e c t o r s ,  
e t c . ,  and d i s p l a y  them on any h o r i z o n t a l  o r  v e r t i c a l  s e c t i o n .  Examples o f  
t h e s e  can be seen  in  C ha p te r  IV.
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APPENDIX B 
THREE DIMENSIONAL SHUMAN FILTER
B . 1 I n t r o d u c t i o n
I t  i s  b e n e f i c i a l  t o  f i l t e r  d a t a  n o t  on ly  t o  s u p p r e s s  numerical  
p rob lem s  due t o  n o i s y  d a t a  ( s e e  C h a p te r  I I ) ,  b u t  sometimes a l s o  f o r  
a e s t h e t i c  r e a s o n s .  Because o f  i t s  w i d e s p re a d  u s e ,  t h e  Shuman F i l t e r  
(Shuman, 1957) was chosen  f o r  e x t e n s i o n  t o  t h r e e  d i m e n s io n s .  Even though 
t h e  f i l t e r  i s  be in g  deve loped  f o r  use on m u l t i - D o p p l e r  d a t a ,  i t  has g e n e r a l  
a p p l i c a b i l i t y  t o  any s c a l a r  q u a n t i t y .  The main c a v e a t  i s  t h a t  s i n c e  so 
much d a t a  i s  r e q u i r e d  t o  f i l t e r  a p o i n t  (27 p o i n t s ) ,  m i s s i n g  d a t a  and 
bounda ry  problems can be a c u t e .
B.2 D e r i v a t i o n  o f  Three  Dimens iona l  Shuman F i l t e r
T h i s  d e r i v a t i o n  f o l l o w s  t h a t  o f  Shuman (1957)  and S h a p i ro  (1970) .  
The " u n i t  c e l l "  n e c e s s a r y  t o  f i l t e r  t h e  s c a l a r  " f"  a t  p o i n t  i , j , k  i s  shown 
i n  F i g .  B1 . The s u b s c r i p t s  r e p r e s e n t  t h e  t h r e e  o r th o g o n a l  d i r e c t i o n s  as  
i n d i c a t e d  on t h e  m idd le  p l a n e  o f  F ig .  Bl .
The two d im ens iona l  f i l t e r  i s  g i v e n  by (Shuman, S h a p i r o ,  op.  c i t . )
- j
“ i
'  ^1.J,k + <'-S) 1»^ fi.j.k 






f i , j+ l,k - l
i - IJ .k -
F ig .  B l .  U n i t  c e l l  needed  t o  f i l t e r  t h e  s c a l a r  /  l o c a t e d  a t  p o i n t  i ,  j ,  k. 
The s u b s c r i p t s  r e f e r  t o  t h e  t h r e e  o r th o g o n a l  d i r e c t i o n s  I n d i c a t e d  on t h e  
m id d le  p l a n e .
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where S i s  an a r b i t r a r y  p a r a m e t e r  t h a t  de te rm ines  t h e  r es p o n s e  o f  t h e  
f i l t e r  (Rg) and
" f i + l , j , k  ^ f i - l , j , k  ^ ^ i , j + l , k  ^  ^ i . j - l . k  ‘
The t h r e e  d im ens iona l  f i l t e r  i s  d e r i v e d  by s u b s t i t u t i n g  f " ^  f o r  f  in
Eq. (1 )  where
fl,j,k " (T'S) fi,j,k  ^I (fi,j,k+l i^,j,k-l^





+ "\.j,k_i-4^%,j,k]-r \^,j,k (3)
( l - S )  | -  [ ; i + i , j + i , k  + f i + l , j - l , k  ^ f i - l , j + l , k  ^  f i = l , j - l , k  " ^ A , j , k ^  
s3
8 "  ^ ^ + l , j + l , k + l  f i + l , j - l , k + l  ^ f i - l , j + l , k + l  ^ - - l , j - l , k + l  
■ 4 f i , j , k + l  ^ f i + l , j + l , k - l ,  + f i + l , j - l , k - l  ^ f i - l , j + l , k - l  
f i - l , j - l , k - l  ■ 4 f i , j , k - l ]
p
where V i s  g iv en  by Eq. (2)  and 
2
^ f i , j , k  "  f i , j + l , k  ^ f i , j - l , k  ^ i + l , j , k  ^  f i - l , j , k  ^ i , j , k + l  
^ i , j , k - l  ■ ^ ^ i , j , k
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B.3 Response F u n c t io n
The r e s p o n s e  f u n c t i o n  i s  t h e  r a t i o  o f  t h e  a m p l i t u d e  o f  a f i l t e r e d  
t o  an u n f i l t e r e d  wave. Fo l lowing  t h e  d e r i v a t i o n  o f  t h e  above r e f e r e n c e s ,  
t h e  t h r e e  d imens iona l  r e s p o n s e  f u n c t i o n  (R^) can be shown to  be
R3 = { l - S [ l - c o s ( j i ^ A x ) ] }  { l - S [ l - c o s (& y A y ) ] }  { l - S [ l - c o s ( £ ^ A z ) ] }
where a r e  t h e  i , j , k  wave numbers where L i s  t h e  w a v e le n g th ) ;
A X ,  Ay, AZ a r e  t h e  g r i d  s p a c in g  in  t h e  i , j , k  d i r e c t i o n s .  Ta b le  Bl shows
R, a s  a  f u n c t i o n  o f  L(L=L„=L =L_) f o r  5 = 0 .5 ,  S = - 0 ,5 ,  and f o r  t h e  two used 
0  X y  z
i n  tandem (T ) .  One pass  w i t h  t h e  tandem f i l t e r  r ed u c e s  4ax  waves to  42% 
o f  t h e i r  o r i g i n a l  a m p l i t u d e  w h i l e  m a i n t a i n i n g  90% o f  t h e  waves as  small  as  
7a x . The r e s p o n s e  f o r  m u l t i p l e  p a s s e s  w i th  t h e  tandem f i l t e r  (T") a r e  
a l s o  shown in Tab le  B l . Fo r  most c i r c u m s t a n c e s ,  on ly  one tandem pass  i s  
used  f o r  t h e  Doppler  a n a l y s i s .
B.4 Boundary Problems
S inc e  f o r  t h e  D opple r  a n a l y s i s  t h e  f i l t e r  i s  a p p l i e d  a t  most  j u s t  a 
few t i m e s ,  t h e  p r o p a g a t io n  o f  boundary e f f e c t s  as  d e s c r i b e d  by Shap i ro  
(1970)  a r e  n o t  a problem. Due, however,  t o  t h e  g r e a t  number o f  p o i n t s  
r e q u i r e d  in  t h e  u n i t  c e l l ,  a p o i n t  may o f t e n  n o t  be f i l t e r e d  because  o f  
m i s s i n g  d a t a .  I f  the  d a t a  i s  a v a i l a b l e ,  one cou ld  r e v e r t  back to  t h e  n in e  
p o i n t  two d imens iona l  f i l t e r  (Eq. ( 1 ) ) .  For  r a d a r  d a t a  t h i s  p rocedure  
w i l l  work we l l  on th e  bot tom boundary .  Due, however ,  t o  t h e  uneveness  o f  
t h e  l a t e r a l  and top  b o u n d a r i e s ,  t h e r e  w i l l  a g a in  be p roblems w i th  m is s in g  
d a t a .  I t  was dec id ed  t h a t  t h e  e a s i e s t  and most  s u c c e s s f u l  approach  i s  t o  
r e v e r t  back t o  t h r e e  o r th o g o n a l  one d im ens iona l  tandem f i l t e r s  (5=0 .5 ,
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T a b le  B l . Response  f u n c t i o n  f o r  27 p o i n t  t h r e e  d imens iona l  f i l t e r .  For
S = 0 . 5 ,  S = - 0 . 5 ,  f o r  t h e  two used  in  tandem ( T ) ,  and f o r
m u l t i p l e  tandem p a s s e s  ( l " ,  n = 2 , 3 , 4 ) .  L -  w ave leng th  and L =
L = L = L ; X -  g r i d  sp a c in g  and Ax = Ay = Az.
X y  z
L 5=0.5 S = -0 .5 I T*
2Ax 0 .0 0 8 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
3Ax 0 .0 2 5 .3 6 0 .08 0.01 0 .0 0 0 .0 0
4Ax 0.13 3 .3 8 0 .42 0 .18 0 .08 0 .0 3
5Ax 0 .2 8 2 .4 4 0 .6 8 0.47 0 .32 0 .2 2
6Ax 0 .42 1 .95 0 .82 0 .6 8 0.56 0 .4 6
7Ax 0 .53 1 .6 8 0 .90 0.81 0.72 0 .65
lOAx 0 .7 4 1.31 0 .97 0.95 0.92 0 .9 0
15Ax 0 .8 8 1 .14 0 .99 0 .99 0 .98 0 .9 8
20Ax 0 .93 1 .08 1 .0 0 1 .00 0.99 0 .99
1 4 9
S = - 0 .5 ;  s e e  Shuman, 1957) ,  i f  t h e  27 p o i n t  f i l t e r  can n o t  be used .  Under 
most  c i r c u m s t a n c e s  t h i s  t e c h n i q u e  w i l l  a l l o w  f i l t e r i n g  in  a t  l e a s t  two 
d i r e c t i o n s  a ro u n d  t h e  p e r i p h e r y  o f  t h e  s to r m ,  and i n  some c a s e s  w i l l  a l low  
t h r e e  d im e n s io n a l  f i l t e r i n g  s i n c e  o n l y  7 p o i n t s  a r e  needed .  O v e r a l l  c a r e  
must  be used  i n  i n t e r p r e t i n g  f i l t e r e d  d a t a  a round  a s t o r m ' s  p e r i p h e r y .
For  r a d a r  d a t a ,  however ,  s i n c e  t h e  l a t e r a l  b o u n d a r i e s  o f t e n  have low 
s i g n a l - t o - n o i s e  r a t i n g ,  t h e s e  a r e a s  a r e  o f t e n  s u s p e c t  w he the r  t h e y  have 
been f i l t e r e d  o r  n o t .
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